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DISSERTATION ABSTRACT 
 
Suzanne C. Walther 
 
Doctor of Philosophy 
 
Department of Geography 
 
December 2010 
 
Title: Remote Measurement of Gravel-bed River Depths and Analysis of the Geomorphic 
Response of Rivers to Canals and Small Dams 
 
Approved:  _______________________________________________ 
W. Andrew Marcus 
 
This dissertation investigates the potential impacts of canals and small dams on 
gravel-bed rivers and methods for documenting those impacts. First, I evaluate the potential 
for mapping channel depths along the McKenzie River, OR, using 10 cm resolution optical 
aerial imagery with a hydraulically-assisted bathymetry (HAB-2) model. Results 
demonstrate that channel depths can be accurately mapped in many areas, with some 
imagery limitations. The HAB-2 model works well in the majority of the river (R2=0.89) 
when comparing modeled to observed depths, but not in areas of shadow, surface 
turbulence, or depths >1.5 m.  Next, I analyze the relative effects of a small dam and two 
diversion canals on sediment distribution along bars of the lower McKenzie River. The 
typical pattern of downstream fining is disrupted at each feature and several tributaries, 
particularly in the “reduced water reaches” below canal outtakes. Most modeled discharge 
values necessary to mobilize bar sediments fall at or below the 2-year flood return interval, 
with the remaining at or below the 5-year flood return interval, generally reflecting the D50 
values at each bar (20-115 mm). The third analysis investigates the potential to document 
geomorphic impacts of small dams in Oregon at ecoregion extents using air photos and 
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publically available data sets. This analysis highlights data disparity with respect to the 
collecting agency's mission and the difficulty of using remote sensing for small dams. 
Though the imagery was not useful in evaluating small dam impacts due to resolution and 
feature size, the data were useful in mapping the small dam distribution across Oregon and 
each ecoregion. Sixty-one percent of Oregon land is located in the catchment of at least one 
small dam and the greatest number of dams per area is in the Willamette Valley ecoregion. 
Overall, this research suggests that, while the application of these techniques must be 
improved, our ability to observe, study, and understand rivers is enhanced by remote 
sensing advancements and the combined use of these methods in river restoration and 
management.  
This dissertation includes previously published and co-authored material. 
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CHAPTER I 
 
INTRODUCTION 
 
Rivers are dynamic landscape features (Amoros and Petts, 1993) that scientists in 
both fluvial geomorphology (Kellerhals et al., 1976; Montgomery and Buffington, 1997; 
Schmitt et al., 2007) and ecology (Naiman et al., 1992; Chessman et al., 2006) have long 
attempted to explain by way of reducing the complexity of fluvial features (Kondolf et al., 
2003). Historically, the study of rivers has focused on field measurements at the reach 
scale, yet today we are still unable to answer questions of interactions and linkages that 
occur at larger scales. Advances in optical remote sensing of rivers have produced several 
methods for bathymetric (Fonstad and Marcus, 2005; Carbonneau et al. 2006) and grain-
size (Carbonneau et al. 2004) mapping at reach extents. At the same time, network-scale 
variability of fluvial forms and processes has long been investigated by field-based data, 
but these studies focus on fewer sites because of the time needed to collect the data 
(Schmitt et al. 2007). However, geomorphic responses to change can occur over long 
timescales and vary as a function of local channel characteristics and distance from the 
change of interest (e.g. sediment source, dam reduced hydrology or sediment supply, 
development, water diversion). Because remote sensing data with medium to high spatial 
resolution are now available at a national scale (digital elevation model, aerial 
orthophotographs), these newer methods can now begin to be applied at multiple scales 
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(Amos et al., 2008; Orr et al., 2008) to gain a new perspective for understanding complex 
water issues.  
In addition to the shift in the scale of investigation, there has been a renewed focus 
on examining the human role in changing river systems. These changes in the river have 
occurred through engineering such as channelization, dams, diversions and culverts, and 
more recently restoration and dam removal (Gregory, 2006). Today, every variety of 
human use of water as a resource is ubiquitous in the landscape. In order to reduce or 
minimize negative human impacts of the river system, a better understanding of river 
processes and linkages, as well as the effects and responses of the river to changes, is 
needed. Sediment characteristics provide a measure for analysis. Sediment transport 
dynamics control channel form and geomorphic processes that help create and sustain 
aquatic habitat. Changes in flow and sediment supply change sediment transfer and, thus, 
channel stability and size distributions. Sediment movement is critical to the ecological 
health of the stream system. The sorting of sediment through transport processes creates 
habitat for spawning and for benthic organisms that provide food for other species. Both 
species diversity and abundance are affected by grain size, variety of sizes, stability, and 
the presence of organic detritus (Doyle and Stanley, 2006).  
This dynamic character of rivers is a reflection of flow and sediment regimes 
interacting with landscape vegetative and physiographic features on varying spatial and 
time scales (Corenblit et al. 2007; Ward and Stanford, 1995). The result is diversity of 
habitat between and within river reaches that make up a complex ecosystem that is 
dependent on a continued broader, more inclusive view of river ecology and connectivity 
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that encompasses spatio-temporal heterogeneity and functional processes of both species 
and sedimentary dynamics in river systems for its maintenance and restoration. 
The need to understand river systems has increased in conjunction with the growing 
population and expanding development. This dissertation examines methods of studying 
the river and investigates human impacts on the river. The technological developments in 
remote sensing have allowed for an entirely new scale at which the riverscape can be 
studied. In Chapter II, I evaluate the HAB-2 model, with thousands of sonar ground 
validation points, in the most extensive test to date of the model for its use in basin 
modeling and river management. The material in Chapter II is co-authored with W. 
Andrew Marcus and Mark A. Fonstad, and is in press in the International Journal of 
Remote Sensing (Walther et al., in press). 
 In Chapter III, I investigate the impacts of the Leaburg dam and the Leaburg 
and Walterville diversion canals on the sediment movement on the bars of the McKenzie 
River, Oregon. I use the grain size distribution and median diameter (D50) of bar gravels 
based on count measurements, obtained from field data, to calculate the shear stress and 
stage height needed to move the median grain size of each bar. Next, I use the 
WinXSPRO model with sonar and LiDAR based cross-sections to estimate the discharge 
at the stage height at each bar cross-section. The results are compared against the return 
interval and the 1996 flood discharges to determine how often the modeled discharges 
that are needed to move the bar gravels occur. Ultimately, this information can be used to 
inform environmental flow plans to be implemented on the river for habitat improvement 
in the near future. This chapter includes material that will be published as a coauthored 
article with Patricia F. McDowell, who provided editorial assistance. 
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 In Chapter IV, I map the distribution of small dams (30 ft. in height or less) in 
Oregon from the Oregon Water Resources Division (OWRD) dam and the Oregon 
Division of Fish and Wildlife (ODFW) fish passage barrier data sets. The density of dams 
differs with Level IV ecoregion within the state. In addition, I focus on the issues of 
mapping and evaluating small dam impacts using available datasets. This chapter 
includes material that will be published as a coauthored article with W. Andrew Marcus, 
who provided editorial assistance. Chapter V briefly summarizes the overall findings, 
applications, and significance of this dissertation research.  
This research focuses on some of the important issues in river research and 
science today, including new technologies and techniques for studying and understanding 
the river system, the geomorphic component of human impacts and its application to the 
use of environmental flows in management, and the issues related to mapping small dams 
and evaluating their impacts. Future work will complement this research to provide more 
expansive gravel movement research on regulated rivers to inform management 
decisions, especially with respect to environmental flows in sediment supply limited 
rivers. The McKenzie River and Oregon as a whole can be used as a scale model to study 
rivers and human impacts within the river channel involving channel change, sediment 
movement, small dam impacts, and management. Insights gained from this study can be 
applied to other regions with regulated and/or gravel-bed rivers. 
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CHAPTER II 
 
EVALUATION OF HIGH RESOLUTION, TRUE COLOUR, AERIAL IMAGERY 
FOR MAPPING BATHYMETRY IN A CLEAR WATER RIVER WITHOUT 
GROUND-BASED DEPTH MEASUREMENTS 
 
 This chapter has been accepted for publication: 
Walther, S.C., Marcus, W.A., and Fonstad, M.A., In press. Evaluation of high 
resolution, ture-colour, aerial imagery for mapping bathymetry in clear water 
rivers without ground-based depth measurements. International Journal of 
Remote Sensing. 
 
 
1. Introduction 
Bathymetric maps of rivers are useful for characterizing habitat (McKean, 2008; 
Legleiter et al. 2002, 2004; Marcus et al. 2003), documenting flow dynamics, predicting 
channel change (Lane et al. 2002), forecasting flooding (Brunner, 2002), and evaluating 
effects of management and restoration efforts (Steffler and Blackburn, 2002). Advances 
in optical remote sensing of rivers have produced several methods for bathymetric 
mapping at reach extents (Fonstad and Marcus, 2005; Carbonneau et al. 2006). This 
article evaluates the potential of the hydraulically-assisted bathymetry (HAB-2) model of 
Fonstad and Marcus (2005) to map channel depths throughout portions of the clear water 
McKenzie River, Oregon, which is deeper and provides a broader range of shadow, 
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depth, and turbulence than previous test rivers. HAB-2 is an image-based model that does 
not require in situ depth measurements to calculate bathymetry.  
Specifically, we conduct the most rigorous test of the HAB-2 model to date using 
extensive sonar data and limited ground-based measurements to evaluate bathymetric 
maps developed with 10 cm and 0.5 m resolution film-based optical true colour imagery.  
 We evaluated how the accuracies of modelled depths varied with:  
 image resolution  
 filtering   
 different bands  
 riffles and shadows, and 
 comparison of results with Oregon digital orthophoto quad (DOQ) imagery.  
The combined ground and image data allow us to demonstrate the applications of this 
image-based depth mapping for watershed scale water quality and quantity modelling.  
 
2. Bathymetric mapping 
2.1. General approaches 
Ground-based approaches to mapping bathymetry include rods or drop lines, staff 
gauges, sonar, and ground penetrating radar. If a large number of measurements are 
required along a river, these approaches can be time consuming, expensive, and 
dangerous. Alternatively, modelling approaches such as step backwater modelling can 
provide depth estimates at different discharges if there are existing survey data. One- and 
two-dimensional modelling approaches, however, interpolate along and between survey 
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points and do not capture the full range of flow hydraulics, leading to inaccuracies in 
depth estimates.   
Optical remote sensing of river depths, though limited by the need to see through 
the water column, can provide more comprehensive data throughout clear water rivers 
(i.e., rivers in which one can see to the bottom). Remotely sensed bathymetric mapping 
techniques include those that require ground-based measurements and those that do not. 
The remote sensing techniques that require ground measurements correlate the image 
reflectance to depth (Winterbottom and Gilvear, 1997; Lorang et al. 2005; Carbonneau et 
al. 2006).  The accuracy of correlation-based depth estimates can be improved by 
segmenting the stream into biotypes (e.g. pools, riffles, etc) (Marcus et al., 2003). Still, 
the need for ground measurements, even if lesser in number, reduces the gains of using 
remote sensing, especially when applied to large extents. The personnel costs and time 
needed to gather data limit the amount of data that can be collected at time-of-image-
acquisition and the scale of the project. This often leads to the use of intensive, local data 
to characterize reach extents (~10s of meters to several hundred meters), or extensive, 
low density ground data to characterize larger extents, both of which fail to the capture 
the full range of depth variations in the river (Fonstad and Marcus, 2010).  
The techniques that do not require ground measurements, such as 
photogrammetry (Lane and Chandler, 2003; Westaway et al. 2001, 2003) and HAB 
(Fonstad and Marcus, 2005), eliminate those ground expenses. However, 
photogrammetric approaches, while useful for archival imagery, require stereo imagery 
and more complex and laborious processing. As of this time, the HAB-2 model is the 
only alternative that does not require ground measurements or stereo imagery. This 
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enables the bathymetric mapping of unobstructed stream areas over large spatial areas at 
different times and even with historical imagery, so long as the water is clear.  
2.2. HAB-2 model background 
The HAB-2 model is based on the Beer-Lambert law that expresses the exponential 
absorption of light in a water column with minimal scattering:  
I = I0e-D      (2.1) 
where e is the base of natural logs, I is the intensity of light at some water depth, D, I0 is 
the intensity of light prior to entering the water column, and  is a diffuse attenuation 
coefficient (Denny, 2003). The intensity (I) is unknown in most images, so the digital 
number (DN) value is substituted into equation (1): 
DN = DN0e-D.     (2.2) 
The distance of light passage D is recognized as the depth of the water and solved for by 
rearranging equation (2): 
D = ln (DN/DN0) / -.     (2.3) 
The value DN0 is the DN of the riverbed in the absence of water absorption, which is the 
DN value of a pixel of just-wetted substrate near the channel edge. 
The diffuse attenuation coefficient () is a constant that is typically measured with 
a secchi disk. However, shallow rivers and streams are not sufficiently deep to use this 
method and it requires ground-based measurements at the time of image acquisition, 
which obviates the utility of the HAB-2 method. Therefore, the value of the coefficient  
must be estimated. We do so by inputting a seed value of 1.0 for  into equation (2.3), 
then calculating the depths at each pixel along the cross section. Next, the depth estimates 
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are combined to calculate the hydraulic radius (R) and the cross-sectional area (A). This 
enables us to back-calculate the discharge using the equation: 
Q = AV = WDaV     (2.4) 
where area A (m2) is equal to the width (W) measured from the image cross section, times 
the average depth (Da) calculated from the estimated depths using a value of one for.  V 
is the average velocity (m/s), typically estimated using the Manning equation: 
V = R2/3S1/2/n      (2.5) 
where R is the hydraulic radius (m) derived from the estimated cross section, S is the 
longitudinal energy gradient of the flow (m/m) estimated using the local slope taken from 
topographic maps, and n is the hydraulic resistance. In this study we use Jarrett’s (1984) 
equation: 
n = 0.32S0.38R-0.16     (2.6) 
which was shown to be most accurate in high roughness mountain streams similar to the 
McKenzie River (Jarrett, 1987, Marcus et al. 1992, Wohl, 1998). Assuming R equals Da, 
we then substitute equations (2.5) and (2.6) into equation (2.4) to solve for Q:  
Q = W (Da1.83) (S0.12) / 0.32.    (2.7) 
The initial estimate of Q, based on the seed value of one for, will not match the 
measured Q value obtained from a local gage. However, an iteration of new values of  
can be input until the estimated Q value equals the measured Q value. Once the  value is 
determined, equation (2.3) can be applied to the DN values for the entire stream to create 
a bathymetric map. The model is run in a Microsoft Office Excel spreadsheet (Microsoft, 
2009). 
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3. Study area 
The McKenzie River is a sixth-order, 138 km long westward flowing tributary of the 
Willamette River in western Oregon (figure 2.1). The study area is in the lower two-
thirds of the watershed where the river channel is mostly unconfined and the valley 
widens with distance downstream. The river in these reaches is characterised by a slope 
of less than 0.002, though there are large local variations across the reach characterized 
by riffle-pool morphology. The river usually has a single channel and long, relatively 
straight reaches with occasional large amplitude bends, mid-channel bars and islands that 
locally give the river a multithreaded character. In the study reach of the river, the 
channel is 40-60 m wide, with primarily Douglas fir, cedars, and cottonwood growing on 
the banks. Depending on the portion of river and sun angle the firs can cast shadows over 
the entire or much of the width of the channel. These variations in river and lighting 
conditions and the need to address them are discussed in section 6.1.4. 
  The sediment transport capacity is high relative to sediment supply, so the 
channel bed is predominantly cobble and boulders (EA Engineering, Science, and 
Technology, 1991). The river is the sole source of water for the city of Eugene, Oregon, 
and the source of power for the Leaburg Walterville Hydroelectric Project. The project on 
the lower McKenzie includes one dam, two diversion canals, and two power plants, all of 
which are run-of-the-river facilities (EWEB, 2007). The study area extends from Leaburg 
Dam to just below the Walterville tailrace (figure 2.1c). The results of this study are 
useful for ongoing flow routing and water quality models being developed by EWEB. 
Models, such as the MIKE-11 model developed by DHI Water & Environment, Inc., use 
cross-sections along the length of the river in the modelling flow processes. As with 
11 
 
many hydraulic models, the cross-sections used for the MIKE-11 model are often 
simplistic trapezoidal shapes. The cross-sections mapped from the HAB-2 model are 
being applied to create more realistic channel shapes for the flow model.  
 
 
figure 2.1. Study area clockwise from top left: (a) Location of the McKenzie River 
Watershed in central western Oregon, (b) McKenzie River Watershed with major streams 
and study area outlined in black, and (c) the study area between Leaburg dam and the 
tailrace of the Walterville canal.  
 
 
4. Methods 
We evaluated the HAB-2 model in the McKenzie River using data sets from 2007 and 
2008 (table 2.1). The 2007 data include 10 cm resolution imagery and sonar depth 
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measurements. The 2008 data included 0.5 m imagery and target depth measurements. 
Based on preliminary analyses, we ran the HAB-2 model using the red band on both sets 
of imagery, as well as evaluating the HAB-2 performance using the green band and areas 
of the river with different characteristics (riffles and shadows) for the 2008 imagery. The 
imagery and sonar/target points ultimately used were limited by colour-balance issues 
with scanned film imagery, shadows, loss of targets due to the river current, and potential 
inaccuracies in sonar measurements or locations, as is further discussed in section 6.1. In 
addition, we compared a cross-section modelled on the 2007 and 2008 imagery to a 
HAB-2 cross section at the same site on 0.5 m 2005 DOQ imagery (table 2.1). Although 
we did not have ground measurements from 2005, the comparison provides a qualitative 
indicator of the ability of the HAB-2 model to capture depth variations on historical 
imagery.  
 
4.1. Data acquisition 2007 
The 2007 imagery were collected from a flight on October 28, 2007. The imagery was 
fine resolution (10 cm), three-band (red, green, blue), film-based aerial photographs over 
the entire extent of the study area. At the time of acquisition the stream bottom was 
clearly visible. We geo-referenced the 2007 aerial photography with 2005 half-meter 
resolution Oregon Imagery Explorer images (OIE, 2008) collected as part of the National 
Agricultural Imagery Program.  
 Prior to the 2007 flight, contractors for the U.S. Army Corps of Engineers 
(USACE) collected over 5,624 sonar data points in our study reach (~1 river km) from 
September 19, 2007 through October 1, 2007. The contractors used a Ross Laboratories  
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Table 2.1. Data types and characteristics. The 2005 imagery was added for 
comparison of on-line public imagery against our acquired imagery so no 
ground measurements are available. A greater range of ground depths was 
measured but some were washed away or in shadow at the time of image 
capture. Ground measurements of depth data are not available for 2005, and 
there are no sonar measurements for 2005 or 2008. The RMSE for the 
georectification of 2007 imagery to digital orthophotoquads was 1.05 m, 
which affects accuracy of matching of image-derived depths to sonar. Error 
in spatial location of the 2005 and 2008 imagery does not affect results 
because either no ground data were available (2005) or ground targets were 
used (2008). 
Data 2005 2007 2008 
Spatial resolution 0.5 m 0.1 m  0.5 m 
Radiometric resolution 8-bit 10-bit 8-bit 
Number of target measurements 0 0 23 
 Depth ranges N.A. N.A. 0.24-2.23 m 
Sonar measurements N.A. 5,624 N.A. 
 
 
825B single beam echo sounder, Trimble R8 RTK GPS, Trimble HPB450 radio 
transmitter, DigiBar Pro sound velocity probe, and HP Laptop to acquire the data. Rover 
RTK data were sent via serial cable to Hypack Survey software to provide both 
horizontal and vertical control to the survey vessel (Global Remote Sensing, 2008) and 
were input directly in real-time in Hypack 6.2b. The contractors recorded mobilization 
parameters and offsets for the SBES and the RTK antenna and applied them during data 
processing. Radio communication between the RTK base station and the survey vessel 
rover (fixed atop transducer pole mount) provided horizontal and vertical positioning. 
When calibrated, the sounder achieves an overall accuracy of approximately 0.06 m up to 
3 m depth (Ross, 2009, personal communication). We utilized the sonar data to the 
spatial extent of our acquired imagery below the Walterville Canal tailrace.  
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Table 2.2. Discharge at the U.S. Geological Survey gauges used in the McKenzie River on 
the dates of image and sonar acquisition. Only the Walterville gage was needed to run 
HAB on the Hendricks bridge image used to compare results from 2005, 2007 and 2008. 
Data acquisition 
Discharge (cms) at time of data acquisition 
Leaburg 
USGS gage 
14163150 
Leaburg 
canal 
EWEB gage
Walterville
USGS gage
14163900 
Walterville canal
EWEB gage 
Station number 14163150 - - - 14163900  - - - 
Q at time of sonar 
9/20/07-9/30/07 28.3 39.6 29.7 63.3 
Q at time of 10 cm 
imagery, 10/28/2007 55.5 44.3 34.8 67.5 
% change between dates 
of ground and aerial data 96% 12% 17% 7% 
     
Q at time of 0.5 m 
imagery,  9/26/2008 54.1 42.6 31.1 53.5 
Q at time of 0.5 m DOQ  
8/4/2005 - - - - - - 32.3 - - - 
 
 
Logistical constraints prevented the flight company from collecting imagery at the 
same time as the sonar surveys. The discharge at the time of flight in late October was 
higher than when the sonar data were collected throughout September (table 2.2).   
 
4.2. Data acquisition 2008 
The 2008 0.5 m resolution, three-band (red, green, blue), film-based aerial photographs 
were acquired on September 26, 2008. The imagery covered two large extents of the 
study area: one on the upper portion at Leaburg, the other extending from Hendricks 
Bridge and along the Walterville canal (figure 2.1c). Conditions were sunny and mostly 
clear at the time of acquisition. The company, 3DiWest, located in Eugene, Oregon, 
orthorectified the 2008 imagery.   
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The day before and the morning of the flight, we set 23 weighted targets in the 
water attached to buoys for identification and retrieval and measured their depths (figure 
2.2). Seven of the targets were lost due to being flipped over or moved by the current or 
by being in portions of the image where HAB could not be run because of shadows or 
riffles. Measured depths ranged from 0.2-2.0 m, all in the main channel. The targets were 
set on the day prior to and on the day of the flight. Discharge was similar on these days 
and the river depth did not change (table 2.2). 
 
 
figure 2.2. Setting targets from the McKenzie Fire and Rescue jet boat on river before the 
flight. The targets are cement discs painted white for visibility in the image. 
 
 
4.3. HAB-2 model implementation 
The HAB-2 model requires: the digital number (DN) values for the river channel, the 
number of pixels and the length of a cross-section of the river in the image, the DN0 value 
(value of the pixel at the just wetted surface), the slope of the river at that reach, and the 
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discharge (Q) of the river from the nearest gauging station. We extracted the Digital 
Number (DN) values of each of the pixels from a cross-section of the river on each of the 
geo-referenced images using ArcMap 9.3 licensed with 3D analyst (ESRI, 2009), 
measured the length of the cross-sections, and obtained the DN0 values. These values 
were then entered into the HAB-2 spreadsheet, along with the discharge at the time of the 
flight and slope and roughness values for that portion of the river. A value of 1.0 is first 
entered for the extinction coefficient , which is then recalculated through iterations of 
the model.   
After running HAB-2 to calculate the extinction coefficient  and determine 
equation (3), we used the raster calculator in ArcMap to apply equation (3) to the image. 
We added the 2007 sonar points as a layer to the map file (.mxd) and extracted the 
intersecting points (sonar and HAB-2 depths) using Spatial Analyst. We exported the 
resulting layer containing a table of the two sets of depths as a data base file (.dbf). We 
graphed the HAB-2 modelled points and the sonar points longitudinally by the Easting 
coordinate (the river runs East-West) to visually examine the fit.  
  
4.4. Evaluation of HAB results 
We regressed the overlapping HAB-2 and 2007 sonar depths for the entire image, as well 
as for only those areas without shadow. Due to the speckling in the 2007 imagery (figure 
2.3), we filtered the red band on the image at Hendricks Bridge to remove local spectral 
variance that might have affected the regression results. We used several ranges of low-
pass filtering (3x3, 5x5, 7x7, 9x9) as well as an Olympic filter (3x3, 9x9) in which the 
highest and lowest “scores” (DN values) within the window are dropped. We focused the 
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analysis of 2007 data on the river near Hendricks Bridge (figure 2.1c), an area that 
possessed a range of river characteristics, including riffles and pools, shadowed and 
shadow free areas, and a variety of depths (figure 2.4).  
 For the 2008 imagery, as with the 2007 imagery, we regressed the measured and 
modelled depths at the ground targets (no sonar data were available in 2008). The 
stronger spectral returns from the 0.5 m resolution 2008 imagery suggested that we might 
detect signals from greater depths than with the 2007, 0.10 m resolution imagery.   
 Because green light penetrates to greater depths than red light (Campbell, 2007),  
we tested the effectiveness of the HAB model using the green band as well as the red 
bands for the sunlit Hendricks Bridge image. On the same Hendricks Bridge reach, we 
also qualitatively evaluated how riffles and shadows affect HAB-2 results by comparing 
depths in nearby areas that were affected by those features.  
 
 
 
 
figure 2.3. True colour image at the river's edge zoomed-in 13X relative to figure 2.4 to 
illustrate image speckle and granularity. The white objects in the river are ground targets 
placed in the water at varying depths. Pixel resolution is approximately 10 cm. 
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figure 2.4. True colour image and sonar depth points near Hendricks Bridge. Sonar depth 
points are displayed in red, except those that were clipped owing to their location in 
shadow, under over hanging trees, or on the bridge, which are displayed in yellow. The 
bright red line is the location of the cross-section used in figure 2.10. Locations (a) and 
(b) are sites where we believe ground validation data are incorrect (sonar depths greater 
than 3 m are shown in blue), as discussed in section 6.1.1. This image portrays just a 
small portion of the river area covered by sonar and imagery (figure 2.1c). Downstream is 
to the left. 
  
 
Finally, in the interest of testing the utility of the model on historical imagery for 
which no ground validation depths are available, we ran the model on a free, publicly 
accessible 2005 high-resolution (0.5 m) digital orthophotoquad (DOQ) (OIE, 2008). We 
qualitatively evaluated the resultant cross-section at a relatively stable section of the river 
near Hendricks Bridge and compared it with the 2007 and 2008 results.    
 
5. Results 
5.1. HAB-2 results, 2007 
Figure 2.5 compares modelled and sonar depths for a representative subset of the 2007 
data with obstructions and shadows removed. Figure 2.5 only displays a spatial subset of 
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the total data near Hendricks Bridge (2,151 points) because the image becomes too 
cluttered for interpretation when all 5,624 plus sonar data and equal number of HAB data 
in the image are included. A regression of  all of the sonar depths and HAB-2 depths for 
the Hendricks Bridge image resulted in an R2 value of 0.52 (figure 2.6a, table 2.3). The 
fit of the regression line between the HAB-2 and the sonar depths after clipping the 
shadows, bridge, trees overlapping the water, and shadows (less 320 points) decreased to 
an R2 value of 0.40 (figure 2.6b, table 2.3). The low pass and Olympic filters did not 
substantially improve the fit of modelled to sonar depths, when using the data for which 
all obstructions and shadows were removed (R2 values range from 0.40 to 0.48, table 2.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
figure 2.5. Longitudinal trend of HAB modelled depths (points) and a moving average of 
the sonar depths (black line) without obstructions/shadows. The moving average for the 
sonar data is used rather than the sonar data path to enable visual comparison. 
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Table 2.3.  HAB results of all comparisons made on the imagery. DN0 values vary 
because of differences in radiometric resolution of film (Table 2.1).  
Data 
Ground 
truth Processing 
Resolution 
(m) Band DN0 Beta 
R2-
value Description 
2007 
sonar-all 
points raw 0.1 Red 559 0.55370 0.52 
extremely 
variable 
modelled 
depths < 2 m 
sonar-no 
obstructions raw 0.1 Red 559 0.55370 0.40 
extremely 
variable model 
depths 
between 0.5 
and 1.5 m 
sonar 3x3 filter 0.3 Red 540 0.36608 0.40  
sonar 5x5 filter 0.5 Red 548 0.34879 0.41  
sonar 7x7 filter 0.7 Red 540 0.45518 0.40  
sonar 9x9 filter 0.9 Red 546 0.41753 0.41  
sonar 
Olympic 
filter 0.3 Red 166 0.58807 0.48  
sonar 
Olympic 
filter x2 0.9 Red 166 0.52515 0.48  
2008 
targets raw 0.5 Red 115 0.77613 0.89 
model values 
fit up to just 
over 1.5 m 
targets raw 0.5 Green 114 0.72859 0.25 
model values 
only fit 
between 0.5 
and 1.5 m          
 
part 
shadow 0.5 Red 
Qualitative 
evaluation of 
resultant cross-
section 
shadow 
modelled as 
deep water 
 
shadowed 
HAB xs 0.5 Red 
Qualitative 
evaluation of 
resultant cross-
section 
same shape as 
2008 Red but 
deeper 
 
riffle xs 0.5 Red 
Qualitative 
evaluation of 
resultant cross-
section 
white riffles 
modelled as 
out of water 
2005 NA 
OIE DOQ 
raw 0.5 Red 120 0.51434 NA 
same shape as 
2008 Red 
imagery used 
in this study 
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figure 2.6. The 2007 red band imagery HAB modelled depths vs. averaged sonar depths 
resulted in an R2 value of (a) 0.52 for all data points and (b) 0.40 with obstructions and 
shadows removed (trendlines are dashed). The zero-intercept is included in both graphs 
to show where the results diverge from an exact fit. Points in shadow and at the bridge 
are identified in (b), as is an area of questionable sonar depths (also in blue in figure 2.4). 
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5.2. HAB-2 results, 2008 
The regression of modelled and measured target depths from the 2008 imagery resulted 
in an R2 value of 0.89 (figure 2.7, table 2.3).  Use of the green band with the HAB-2 
modelled to a poorer fit, with an R2 value of 0.25 (table 2.3).  
  
 
 
 
 
 
 
 
 
 
figure 2.7. The red band HAB modelled depths vs. ground measured target depths for the 
2008 imagery.  
  
 
 The turbulent parts of riffles are much lighter (i.e. are white water) than 
immediately adjacent portions of the river with approximately the same depth. The white 
water portions of the riffle units are portrayed by HAB-2 models as being shallower or 
above the water surface (figure 2.8). 
 Conversely, shadow creates a darker than normal surface on the river, which 
HAB-2 models as deeper. On the modelled cross-section of the river, the depths in the 
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shadowed half of the river are modelled as becoming progressively deeper near the bank, 
despite the fact that the river shallows towards the bank (figure 2.9).  
 
 
 
figure 2.8. Photograph with cross-section drawn across the river (a) and the HAB 
modelled cross-section (b) of the channel at the beginning of a riffle (the dark line at zero 
denotes what should be the water surface), a few hundred meters downstream of 
Hendricks Bridge. Note that the riffles visible in (a) are modelled as "out of the water" 
(above the water surface at zero).  
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figure 2.9. Photograph (a) and HAB modelled cross-section (b) of the channel half 
covered by shadow (left of line), downstream of Hendricks Bridge. Note that the shadow 
in (b) is modelled as far deeper than the rest of the channel. 
 
 
 5.3. Comparison of 2005 DOQ to 2007 and 2008 HAB results 
We ran HAB-2 on a 2005 DOQ to generate a cross-section (visible in figure 2.4) for a 
relatively stable river reach (figure 2.10a) that can be compared to HAB-2 cross-sections 
for 2007 (figure 2.10b) and 2008 (figure 2.10c) at the same location. Discharges on these 
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three dates differed by less than 10% relative to the 2005 discharge (table 2.2).  The 
cross-section shapes are similar for the three dates, although the depths in the deepest part 
of the thalweg differ by about 0.3 m. These variations could be the result of channel 
infilling, although the relative effects of channel change or imagery differences are 
unknown.   
 
6. Discussion 
In the following sections, we first discuss the general model performance for the two 
years. Subsequent sections discuss possible reasons for differences in the model 
performance between 2007 and 2008, including: (1) issues with ground validation data 
(location and depths); (2) issues with film and scanning; (3) surface turbulence; and (4) 
shadows and obstructions. 
 
6.1. General model performance 
The model and sonar depth profiles in 2007 follow a broadly similar longitudinal pattern, 
but with some significant discrepancies (figure 2.5). The modelled depths diverge from 
sonar depths where there are shadows or obstructions such as Hendricks Bridge or 
overhanging trees; areas that sonar can capture, but aerial imagery cannot (figure 2.6a).  
The model and sonar depth profiles follow a relatively similar longitudinal pattern after 
clipping out the shadow, bridge, and trees (figure 2.6b), although the R2 value decreases 
(table 2.3).  This probably happens because the high depth values in the data with all 
shadows and obstructions included biases the regression to the high values producing a 
false “better fit”. Filtering the imagery did little to reduce the pixel-scale local spectral 
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figure 2.10. HAB modelled depths on the same cross-section at Hendricks Bridge from 
the (a) 2005 DOQ 0.5 m imagery, (b) 2007 true colour 10 cm imagery, and (c) 2008 true 
colour 0.5 m imagery. 
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variation that affected the HAB-2 modelling. Traditional low-pass filtering at multiple 
scales produced no change or negligible improvement of fit for the 3x3, 7x7, 5x5 and 9x9 
window sizes (table 2.3). The ‘Olympic’ filtering improved the fit by 0.08 at both scales. 
The slightly greater improvement by the ‘Olympic’ filtering, in which the lowest and 
highest DN values (scores) are dropped, probably results from the reduction in the local 
noise exhibited in the imagery across very small distances (figure 2.3).  
 The higher R2 value (0.89) for the comparison of ground measurements and HAB 
depths for the 2008 data (table 2.3, figure 2.7) probably result from a number of factors. 
In 2008, the ground measurements were taken on the day before and the day of the flight, 
so discharge and associated depths were more comparable than in 2007 (table 2.2). The 
0.5 m resolution imagery also reduced the image granularity and potential effects 
associated with cobble-scale variations in bottom reflectance due to different coloured 
rocks and substrate (figure 2.11). Many of the river characteristics, such as bed colour 
and texture and interstitial spaces between cobbles, can be adjusted for by using a band 
ratio (Legleiter et al. 2004, 2009), which we could not use in this case but can easily be 
used with digital imagery. This issue emphasizes the importance of requesting non 
colour-adjusted imagery. 
 The red band absorbs more strongly than green light with depth, so it is often 
thought that the green band will perform better at greater depths. However, the test result  
of a lower R2 value (0.25) for the green band suggests that factors such as increased 
backscatter may generate lower accuracy readings, which is consistent with theoretical 
arguments recently presented by Legleiter et al. (2009).     
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figure 2.11. Photograph of a representative colour and size variation of the substrate in 
the river.  
 
 
Visual inspection suggests that the best HAB-2 modelled depth estimate results 
for both 2007 and 2008 range between 0.25-1.5 m depths. Depths under 0.25 m are so 
shallow as to be within the typical error range of the model (±15 cm; Fonstad and 
Marcus, 2005).  At depths over approximately 1.5 m scattering and absorption lead to 
light returning to the sensor that is not entirely a function of depth (Legleiter et al., 2004). 
Depths greater than 1.5 m appear to reach the limit of light penetration to the river bottom 
and 1.5 m is a standard maximum depth estimate in clear water rivers (Marcus et al., 
2003).  
 The R2 value of the obstruction free regression from the 2007 imagery is lower 
than the test of the HAB-2 model where Fonstad and Marcus (2005) obtained R2 value of 
0.77 on the Brazos River, Texas, using 1 m resolution digital aerial imagery, but higher 
than their R2 value of 0.26 for the Lamar River, Wyoming, using 1 m resolution, 128-
band hyperspectral imagery. The R2 value from the 2008 imagery in this study is highest 
of all the tests. Regardless, the model approximates the overall trend of the sonar depths 
29 
 
well and cross section profiles are consistent with the river configuration (figure 2.10). R2 
values also incorporate error due to problems with ground data and the spectral variations 
in the scanned film, as is discussed in following sections. This highlights the need to 
qualitatively compare results on a visual basis as well as use statistical accuracy 
assessment techniques, something often noted in remote sensing of rivers (Marcus and 
Fonstad, 2008). 
 
6.1.1. Ground validation data 
Each technique for gathering ground data (2007-sonar, 2008-field measured targets) 
carries its own inherent errors, which in turn affects the match of model and ground data.  
For example, there is a drop off downstream of a gravel bar that is visible in the imagery 
but it is not observed in the sonar data (see location (a) in figure 2.4). Even more notable 
is a concentrated area of sonar depths ranging from 3 to 6 m, depths that are not likely to 
exist in this site in the McKenzie River  (see area (b) highlighted in blue in figure 2.4, 
also figure 2.6a). Sonar data in these segments are probably in error, meaning that we are 
probably fitting the model to erroneous data. Likewise, even though the fit of target and 
HAB data in 2008 was much closer, some of the mismatch may be due to difficulties in 
accurately measuring water depths in fast flowing rivers (see section 4.2). The error of 
the orthophotos together with the errors of the sonar data lead to discrepancies, especially 
in areas of rapid changes. This is because of the nature of the two types of data: the sonar 
is point data that essentially captures the top surface on which it falls (top of cobbles, 
between them, etc.), while the HAB-2 model, using pixels, captures the average depth of 
the substrate within the pixel. The targets, though similar, cover a larger area on the river 
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bottom and therefore may approximate the average depth more similarly to the model. 
The sonar data thus illustrates the general spatial association between trends in the two 
data sets and identifies possible problem areas in the application of the model rather than 
providing a precise point-to-point validation data set. 
 
6.1.2. Film and scanning  
All our imagery consisted of scanned colour negatives, which affected the pixel values 
(figure 2.3) and the HAB-2 results. Even with a professional grade photogrammetric 
scanner (a Leica DSW 500 was used), the optical response of film was not of the same 
consistency and quality as digital photography.  Moreover, the scanner operates with a 
fixed camera and light source bracketing a moving film stage, so each scan is a grid of 
individual tiles that are stitched together to form the final image. Each tile is captured 
three times, filtered for red, green, and blue. Often, in areas of little tonal variance 
(particularly large bodies of water), the seams between the tiles are darker and the grid 
becomes visible. When the software disregards the outer edges of the tile, the effect is 
minimized. This, however, reduces the effective size of the tile and results in a greater 
number of tiles per image (Gray, 2009, personal communication). 
 In addition to the stitching and blending functions highlighted above, radiometric 
calibration files operate in the background. This can increase green band DN values and 
also means that we are not running HAB-2 on the original pixel values. Therefore, we 
also could not use the ratio-based technique that can partially normalize for variations in 
bottom albedo.  
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 Finally, Newton Rings, caused by the interaction of film base and glass (Gray, 
2009, personal communication), often appeared on the images. These rings of darker and 
lighter colour values affect the HAB model. 
 The film based imagery thus is not ideal for HAB-2 modelling. However, using 
film-based imagery provides an indication of the accuracy of HAB-2 with historical 
images, many of which are film-based. Because these issues do not occur with digital 
imagery, it is likely that modern digital imagers will yield higher model accuracies than 
those reported in this article.   
 
6.1.3. Turbulence 
Riffles on the water surface affect the pixel DN value and therefore the HAB-2 modelled 
depths. Within riffles on the river, the white and lighter coloured portions are modelled in 
HAB-2 as being above the water surface (figure 2.8). This would occur for any highly 
reflective variation on the surface of the water.  We were unable to test HAB-2 against 
the sonar data, because the sonar sounder was removed from the water before crossing 
riffles where it might have been damaged. These areas could be avoided using automatic 
detection and riffles could even be corrected by using a filter to find and delete values 
above the water surface and connect valid depths across the bottom.  
 
6.1.4. Shadows and obstructions 
Shadows make the water surface darker than normal and are therefore modelled in HAB-
2 as deeper than actual depths. The shadows are darkest closest to their source, which in 
the case of the McKenzie River are usually trees on the river bank.  The edge of the 
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shadowed channel therefore is modelled as the deepest water, with depths shallowing as 
the shadow gets lighter farther away from the tree (figure 2.9). Other obstructions, such 
as bridges, also alter the surface pixel value and therefore cannot be modelled accurately 
by HAB-2 (figure 2.4). Minimizing shadows should be taken in consideration as much as 
possible in planning imagery acquisition. 
 
6.2. Utility of historical imagery 
The HAB-2 modelled cross-sections for the 2005, 2007, and 2008 imagery were similar 
in overall shape. The cross sections are all generally shallowest on the left bank, then 
gradually deepen across the channel until they drop off into the narrow thalweg near the 
right bank (figure 2.10). The width of the thalweg in the 2005 and 2007 images (figure 
2.10a and b) are similar, and narrower than that of the thalweg in 2008 (figure 2.10c), 
which appears to be almost twice as wide with the deepest part shifted slightly away from 
the right bank. The differences in the shapes of the channels (not smoothed here) could be 
useful in monitoring in-channel changes. The differences in the imagery resolution and 
type are apparent in the variability exhibited in the cross-section figures, with the most 
data points and therefore the most variability in depth shown in the finest scale imagery 
(2007, figure 2.10b). The depth values range between 0.4 and 0.6 m for all the images to 
the left to the thalweg, and in the thalweg, the depth values range between 0.75 and 1.1 
m. The comparability of cross-sections indicates that the HAB-2 model can be used to 
generate relatively accurate cross-sections with historic imagery where no ground 
validation data are available.   
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6.3. Management applications 
The McKenzie River is a significant water supply and fisheries river, being the sole water 
source for the Eugene area (EWEB, 2007). Salmon also populate the McKenzie, though 
in declining numbers (USGS, 2005; NOAA, 2005), which has led to its inclusion in the 
Endangered Species Act Recovery Plan for Chinook and Steelhead (NOAA, 2005). 
Because water depth and substrate play a role in salmon spawning habitat (Stewart et al. 
2002), mapping the channel bathymetry downstream of the dams and canals provides 
important information on habitat and alterations to sediment movement (Magilligan et al. 
2007; Smith, 2002). Moreover, in 2006, EWEB began development of watershed and 
flow routing models for estimating pollution loads, contaminant runoff and transport, 
water balance, rainfall runoff and other objectives.  
The bathymetric data collected for this project will likely be used by EWEB to 
develop timely and more detailed databases for their channel routing models. The utility 
of the model in management ultimately depends on the users’ needs. The model provides 
more realistic channel forms flow modelling relative to the trapezoidal cross sections 
presently being used in the MIKE-11 models. However, depths at any one point are likely 
to be less accurate than those derived from ground measurements.  Whether or not to use 
HAB is thus dependent on whether local accuracy is more important than having global 
coverage for the whole river that is approximately accurate.  In the case of the McKenzie 
models, the management agencies are presently planning to combine both ground-based 
and HAB measurements to characterize the system.  In addition, the HAB depth maps 
can be used to identify possible habitat areas for a variety of species, and comparisons of 
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channel shapes over time, but the accuracy of the modelled depths could not be used for 
engineering purposes.  
The results from the 2005 DOQ suggest even broader potential applications. 
While direct comparison of depth of the river channel are not possible over different  
years at different discharges, qualitative analysis of differences in channel form over of 
time is possible and can be used in various applications. The availability of on-line, aerial 
photos is becoming more prevalent in many parts of the world. This makes it possible for 
catchment councils, students, land-use planners, habitat monitors, restoration specialists, 
and others to apply the HAB-2 model to gain information about in-channel depths, 
habitats, and change.  
 
7. Summary and conclusions 
This study evaluates HAB-2 model depth estimates developed from aerial, high 
resolution, film-based, true colour imagery from 2007 and 2008 in the McKenzie River, 
Oregon. Over 5,000 sonar data depths from 2007 as well as limited ground-base targets in 
2008 enable the most rigorous test of the HAB model to date. The R2 value for 
comparison of sonar and HAB depths was 0.52 with all points included.  The overall 
trend of HAB and sonar depths in 2007 is similar, except where shadows, riffles, or 
obstructions alter the spectral reflectance (figures 2.5 and 2.6).  
The R2 value for 2008 imagery was 0.89, an improvement that probably resulted 
from the coarser spatial resolution (0.10 m in 2007, 0.5 m in 2008), which decreased 
variations in modelled depth resulting from local cobbles and boulders and substrate 
colour (figure 2.11).  Furthermore, error owing to differences in river discharge between 
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the time of flight and of sonar measurements was eliminated in the 2008 when both 
ground and aerial  data were obtained within a day of one another (table 2.2). The best 
depth estimate results for the HAB-2 model range between 0.25-1.5 m depths.  
Shadows, riffles, and obstructions all lead to inaccurate model results and must be 
eliminated from the imagery or corrected for in order to use HAB throughout an entire 
river.  Furthermore, the type of imagery is important. With true-colour film-based 
imagery, the photo must be scanned without colour balancing. Moreover, the granularity 
of the film (figure 2.3) creates false variations in depth.  The use of low pass filters to 
reduce the granularity did not improve results (table 2.3), although an Olympic filter 
increased the results slightly.  Imagery collected with a digital camera is preferable to 
film. 
Despite these limitations, the HAB-2 model provides a useful tool for creating 
continuous depth maps that can be used for modelling and identifying river habitats. 
Additionally, the HAB-2 model can be utilised with historical aerial imagery. The HAB-2 
model can fill the gap in important river information using information (aerial imagery) 
that is likely already part of the larger data acquisition and can powerfully inform further 
research.  
Research presented in this chapter evaluates the accuracy and utility of the HAB-2 
model. In the next chapter, I investigate the impacts of a small dam and two diversion 
canals on sediment movement. A key component of this investigation is the modeling of 
critical discharge needed to move the median grain sizes on the river bars and what the 
results mean for river management. 
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CHAPTER III 
 
EVALUATION OF THE IMPACTS OF A RUN-OF-RIVER DAM AND TWO 
DIVERSION CANALS ON GRAVEL DISTRIBUTION AND MOVEMENT ON THE 
MCKENZIE RIVER, OREGON 
 
 This chapter is to be submitted to River Research and Applications. This 
 chapter includes material that will be published as a coauthored article with 
 Patricia F. McDowell, who provided editorial assistance. 
 
 
 
INTRODUCTION 
Understanding the relationship between sediment movement and stream characteristics 
has been at the foundation of engineering, restoration, and geomorphic river research. 
The rates of movement or transport are necessary to estimate and predict erosion, 
deposition, and channel change in river channels. With the majority of U.S. river 
channels altered either directly or indirectly (Downs and Gregory, 2004), it is important 
to understand the effects of the alteration on sediment movement in the river. In order to 
predict and prepare for the effects of changes in development and climate change on 
water supply and quality and to minimize negative impacts on aquatic life and habitats, a 
greater understanding of the impacts of river regulation is needed. This is central to the 
EPA National Water Program Research Strategy 2009-2014 (EPA, 2009), for example. 
River regulation can include dams, water diversion or removal, or some combination of 
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both, which in turn affect longitudinal sediment movement through either reduced flow 
or sediment supply (Graf, 2006; Gregory, 2006). While dam removal has increased in 
both discourse and application (O'Connor et al., 2008; Grant, 2001), many dams exist for 
hydropower and water supply and a majority of them will not be removed.  Additionally, 
canals divert and sometimes return water for a variety of purposes. Assessing the impacts 
of these flow regulations on the sediment mobility can improve river management, 
engineering and environmental applications, and designs where possible, and can inform 
future project development.  
In order to investigate the effects of a run-of-river dam and two diversion canals on 
sediment movement, we characterize grain size distributions and model the post-dam 
discharge needed to mobilize the bar gravels on a large, relatively low gradient portion of 
a regulated gravel-bedded river: the lower McKenzie River, Oregon. We use field 
sampling and modeling to investigate the following research questions: 
• How do the dam and canals affect grain size distribution in the vicinity of the 
structures? 
• How do the effects differ between the dam and canals? 
• How frequently are the mean size gravels mobilized under current flows? 
• What do the sedimentary effects of the river management mean for 
environmental flow design for improved salmon habitat? 
Water carrying almost no sediment load flows from the dam and is returned to the river at 
the canal tailraces. We hypothesize that this flow makes bar gravels sampled below each 
of these features coarser.  
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Sediment grain size has long been used in calculating river competency and transport 
(Shields, 1936; Parker and Klingeman, 1982; Wilcock, 2001; Rubin and Topping, 2001) 
and in estimating the magnitude and frequency of discharge events capable of moving the 
sediment in a channel (Buffington and Montgomery, 1999a, 1999b). One way to 
investigate the impacts of regulation is to analyze differences in grain size distribution. 
Grain size distribution has been used in studying fluvial processes and channel form 
(Montgomery and Buffington, 1997; Wohl and Merritt, 2005), initiation of grain motion 
(Buffington and Montgomery, 1997; Kaufmann et al., 2008), bedload transport and 
deposition (Church and Hassan, 2002), and habitat suitability for salmonid spawning and 
rearing (Kondolf, 2000). Quantifying the threshold of bedload grain motion is considered 
of major importance in bedload transport applications (Bathurst et al., 1987), 
environmental flushing flows design (Kondolf and Wilcock, 1996), and assessment of 
aquatic habitat (Montgomery et al., 1996; Buffington and Montgomery, 1997).  
The critical threshold sediment entrainment provides the lower bound of discharge 
that moves sediment, an important characteristic of consideration in river management. 
Grain size distribution and bed mobility are also the most notable characteristics for 
ecological response to changes in flow (Cronin et al., 2007) that strongly influence 
habitat suitability for aquatic species (Kondolf and Wolman, 1993). Variability in the 
combination of bed material characteristics (i.e., size variability, shape, density) and bed 
packing produces a large range of critical threshold conditions (Lorang and Hauer, 2003).  
The transport of sediment through the river system depends on the supply of sediment 
(size and quantity) and the river’s ability to transport it. While the scale of the channel 
and the rate of energy expenditure are determined by discharge and gradient, the 
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morphology of the river is determined by the size and quantity of sediment input into the 
system. The quantity of sediment supply is important in channel structure and character. 
Therefore, research often focuses on the response of the channel to changes in sediment 
supply by observing changes in bed-surface character and distribution. These changes are 
rapid, first-order responses that may be the most effective means of monitoring the 
sediment supply changes over shorter timescales (Buffington and Montgomery, 1999b; 
Lisle and Hilton, 1992). Reduced sediment supply can result in increased surface grain 
size and decreased sediment mobility and transport rates (Gran et al., 2006; Topping et 
al., 2000), whereas increased sediment supply increases or decreases grain size, 
depending on the input (Knighton, 1991; Jackson and Beschta, 1984). Grain size and 
sediment supply are strongly linked to erosion and incision, as low supply removes 
protective alluvial cover, allowing abrasion of bedrock by the (fewer) grains being 
transported (Sklar and Dietrich, 1998; 2001).  
A relatively new approach to dam management, particularly for salmon in the Pacific 
Northwest, is the use of environmental flows -- the management of dam releases to 
restore some elements of the pre-dam hydrograph to improve habitat (Risley et al., 2010). 
Understanding the flow magnitude needed to move sediment on the river is instrumental 
in reaching the goals of environmental flows. This paper presents the results of the 
modeled critical discharge needed to move the D50 grain size on approximately three 
gravel bars above and below each alteration. We use field data, hydraulic modeling, and 
long-term and 1996 flood stream flow records to discuss the results with respect their 
importance in environmental flow considerations. 
 
40 
 
STUDY SITE 
The McKenzie River is a sixth-order, 138 km (86 mi.) long, westward flowing tributary 
of the Willamette River in western Oregon (Figure 3.1). The river originates in the 
Cascade Range and is regulated by three large dams (Blue River, Cougar, and Carmen-
Smith) in the mountainous, upper one-third of the watershed and a smaller, 22 ft. high 
run-of-river dam and two canals in the middle one-third of the watershed. The river flows 
through the western Cascade Mountains, exhibiting an upwardly concave longitudinal  
profile. The study area is located in that middle one-third of the watershed where the river 
 
 
 
Figure 3.1. Study area clockwise from top left: (a) Location of the McKenzie River catchment in 
central western Oregon, (b) McKenzie River catchment with major streams and study reach 
outlined in green and black, respectively, and (c) the study area between Leaburg dam and the 
tailrace of Walterville canal with the sampled gravel bar sites. 
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channel is mostly unconfined and the valley widens with distance downstream. Though 
there are local variations, the river throughout the study site is characterized by a slope of 
approximately 0.002 (Figure 3.2). The river has a single channel and long, relatively 
straight reaches with occasional large amplitude bends, mid-channel bars and islands that 
locally give the river a multithreaded character. The sediment transport capacity is 
typically high relative to sediment supply, so the channel bed is predominantly cobble 
and boulders (EA Engineering, Science, and Technology, 1991). The river is the sole 
source of water for the city of Eugene, Oregon, and the source of the Leaburg- 
Walterville Hydroelectric Project. This project, on the lower McKenzie, includes one 
dam and two diversion canals diverting water for two off-river hydropower plants, all of  
 
 
 
Figure 3.2. Longitudinal profile of the study reach extending from ~5 km above Leaburg dam to 
~3 km below the Walterville tailrace. The dam and both canal intakes and tailraces are shown 
along with bar sampling sites, gaging stations used, and major tributaries along the reach. The 
100 per. Mov. Avg. (River channel) is a line created from the 100 point moving average of 
thousands of LiDAR data points along the river flow line to depict the river channel. 
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which are owned by the Eugene Water and Electric Board (EWEB) (EWEB, 2007). Both 
hydroelectric projects were relicensed by the Federal Energy Regulatory Commission 
(FERC) in 1997, lasting through 2037. The relicensing resulted in the implementation of 
minimum stream flows of approximately 28 cms (1,000 cfs) in the reaches of the river 
where EWEB diverts as much as 71 cms (2,500 cfs) for its Leaburg power canal and 73 
cms (2,577 cfs) for its Walterville power canal (Risley et al., 2010). The flows in the 
canals exceed the flows in the main stem at certain times of the year, but remain near 
100% or equal to that of the main stem for most of the year (Table 3.1).  
The purpose of the Leaburg run-of-river dam is to divert flow into the Leaburg canal. 
The Leaburg dam and canal intake are located at approximately river km 55 (34 mi) 
(Figures 3.1 and 3.2, Table 3.2). The canal runs ~9 km (~5.5 mi) downstream to the 
power plant, where the water is released back to the river at the tailrace located at 
approximately river km 46 (28.5 mi). Water is diverted into the Walterville canal intake 
via a series of chevrons placed to increase the head of the river at the diversion, which is 
located at river km 39 (24 mi) and runs almost 12 km (7.5 mi) downstream. The 
Walterville canal return flow, or tailrace, is located at approximately river km 27 (17 mi). 
The study area extends from ~0.5 km above Leaburg dam to ~-.5 km below the 
Walterville tailrace (Figures 3.1c and 3.2) and focuses on three sites: Leaburg dam, 
 
Table 3.1. Canal flow as a percentage of flow in the main channel of the McKenzie River 
in Water Year 2009 from USGS gage data (USGS, 2010). 
Canal Fall Winter Spring Summer Annual range 
Leaburg 117 115 100 129 1-246 
Walterville 137 108 71 119 0-252 
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Leaburg canal tailrace, and Walterville canal tailrace. We selected these three features 
because we hypothesize that the flow of "hungry" water below each feature will have an 
effect on the downstream grain sizes. We expect to see coarser grain sizes on the bars 
downstream of each feature than those upstream. We were unable to include the 
Walterville diversion (or intake) because channel bathymetric data were not available 
below the intake.  In this study we present an evaluation of the impact of the study reach 
canals and dam using river bar sediment grain size analysis, critical shear stress, critical 
stage height, and flow exceedance differences above and below the structures. 
 
Table 3.2. Study feature location and year completed on the study area reach of the 
McKenzie. The dams in the upper McKenzie were completed in 1963 (Carmen-Smith 
diversion and dam, Trail bridge dam, Cougar dam) and 1969 (Blue River dam). 
Feature 
Year 
completed 
River 
km (mi) 
 
Location 
Leaburg Dam & Intake 1930 55.3 (34.4) river channel & right bank 
Leaburg Tailrace 1930 46.0 (28.6) right bank 
Walterville Tailrace 1910 27.6 (17.1) right bank 
 
 
METHODS 
Field sampling 
In large rivers that are not wadeable, the options for gravel sampling are limited. 
Channel bars represent storage of traction load that is moved sporadically by high flows 
and are a reflection of sediment supply conditions and macroscale channel processes 
(Knighton, 1998), including regulation impacts. True stability does not exist in natural 
rivers, but even they can be influenced externally and become relatively stable with 
characteristic equilibrium forms (Howard, 1981). Regulated rivers, however, often 
experience a smaller range of flows than the natural (pre-regulation) range and can 
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become (often purposefully) less dynamic, thereby reducing habitat quality or diversity. 
An understanding of bars and their response to channel flow is necessary in 
characterizing overall morphology of river channels at the reach scale (Lanzoni and 
Tubino, 1999). Furthermore, in a regulated river where flow releases, or environmental 
flows, are being considered to improve habitat for salmon downstream, sampling on bars 
is important, as bars generally mobilize only at higher flows and could be a monitor of 
the effectiveness of the flow releases. The status of salmon habitat is particularly 
important for FERC (Federal Energy Regulatory Commission) dam relicensing and for 
biological opinions submitted by NOAA (National Oceanic and Atmospheric 
Administration) Fisheries on the operation of the dam for species listed under the 
Endangered Species Act. 
We sampled grain size on bar surfaces instead of cross-sections in the channel 
because: 1) the majority of the McKenzie River is not wadeable and we needed to be able 
to measure at sites within range of the canals and dam and 2) we were evaluating 
sediment mobility and therefore needed to sample the potentially mobile gravels on the 
surface. We selected the bars based on their proximity to the Leaburg dam and the 
Leaburg and Walterville canals (Figure 3.1, Table 3.2), accessibility by boat (input 
locations), and accessibility for safe sampling along the bar at low flow conditions 
(Kondolf, 1997; Fassnacht et al., 2003). We sampled virtually all of the bars in the study 
reach. Bar surface grain sizes can be considered a minimum, as they tend to be finer than 
the reach-average bed-material size (Bunte and Abt, 2001). The McKenzie bar sampling 
took place in September 2008 and August 2009, months when flow is usually at annual 
low flow conditions. Between these dates, three events with durations of 2, 18, and 10 
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days were of a magnitude large enough to possibly mobilize of the D50 or smaller grain 
sizes on bars 9, 20, and 23 (based on our modeled results), respectively. At bars 20 and 
23, there was one four-day storm event that may have potentially changed the grain size 
distribution. However, distribution sizes are not compared between years and long-term 
gage data (~20 years) were used in analysis. To minimize variability between samplers 
we used a gravelometer consisting of a template with square holes of sieve sizes (<2 to 
180 mm) to classify grains into size classes in the field (Potyondy and Bunte, 2002). 
Small grains were binned into a <2 mm category (Fassnacht et al., 2003), as they 
comprised a very small portion of the sampling. We sampled based on the pebble count 
techniques of Bunte and Abt (2001) using systematic sampling at 1 m intervals along a 
tape measure grid of 100 grains (Wolman, 1954). While Rice and Church (1996) 
recommended 400 particles to improve estimates of percentiles within one tenth of a phi 
unit for 95% confidence limits, our research focus was on differences upstream and 
downstream of the feature of interest, not differences between each individual bar. 
Therefore, we analyzed differences between the pooled samples of the bars above and 
below each feature, forming pooled sample sizes of ~200 - ~350 grains for each group.  
 
Grain size and flow analysis 
The analysis of grain size distribution is commonly used to assess dam impacts 
(AWRC, 2007; Sennatt et al., 2006). We plotted the cumulative grain size distribution to 
determine D5, D16, D50, D84, and D95 sizes for use in calculating sorting and in evaluating 
overall differences in sediment distribution on bars above and below the dam and 
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diversion canal outlets. We calculated sorting using the geometric (modified) Folk and 
Ward (1957) graphical measures equation of standard deviation (Blott and Pye, 2001): 
    = exp [(ln D16 - ln D84)/4 + (ln D5 - D95)/6.6] (3.1) 
where Di is the grain size diameter in mm of the ith percentile. To test for difference 
between the means upstream and downstream, we pooled all the gravels upstream and 
downstream and calculated the mean from each. Then we used a Kolmogorov-Smirnov 
test to whether the two distributions were different.  
A common method for evaluating threshold entrainment is using estimates of shear 
stress to estimate flow (Duncan et al., 1999). Bed shear stress and sediment bed 
characteristics are key properties in entrainment (Coleman and Nikora, 2008). We 
identified the threshold of incipient motion using critical stage height. (Parker et al., 
1982; Recking, 2009). We calculated the critical shear stress (N/m2), or entrainment 
threshold, for the D50 grain size using the Shields' equation (Shields, 1936): 
    τcr = θcrgd (ρs - ρ)    (3.2) 
where θcr is the Shield's parameter (0.045), g is gravity (9.82 m/s2), d is the grain 
diameter (m), ρs is the grain density (2650 kg/m3), and ρ is the density of water (1000 
kg/m3). The value chosen for Shield’s parameter is considered to be well suited for gravel 
deposits of uniform sizes (Komar, 1987; Mao et al., 2008) and lies in the transition zone 
between hydraulically rough and smooth flow conditions (Gordon et al., 2004). 
We determined the critical stage (water depth) needed to mobilize the D50 grain size 
at each sampling site by solving for D using the Du Boys' equation adapted by Bradley et 
al. (1972) for alluvial channels, assuming that flow was approximately uniform and that 
the energy slope could be approximated by the local water surface slope: 
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     τcr = ρgDS     (3.3) 
where ρ is fluid density (kg/m3), g is gravity (m/s2), D is depth of flow (m), and S is 
slope (m/m). Baker and Ritter (1975) also suggest that D is a close approximation to R 
when considering streams transporting bed-load material. We used water surface slopes 
determined from LiDAR, except at one bar location (3) in the backwater of the dam 
where we used the lowest alluvial surface.  
To estimate the discharge corresponding to the calculated critical D50 stage for each 
gravel bar, we used WinXSPRO 3.0 (Hardy et al., 2005), which uses numerical 
integration to solve Manning's equation in channel cross-sections. WinXSPRO requires 
the input of channel topography, longitudinal slope of the water, and an estimate of 
hydraulic roughness. WinXSPRO iterates Manning's equation with flow increasing in 
depth until the predicted cross-sectional discharge equals that of the stage-discharge 
regression equation. The cross-section at each bar was constructed from existing sonar 
data within the wetted channel merged with existing airborne-LiDAR-derived elevation 
data on dry land, with the exception of bars 1 and 2. The sonar data on the McKenzie 
River were obtained for modeling purposes (Walther et al. in press) and the LiDAR data 
were obtained in 2009 from EWEB, a member of the Oregon Lidar Consortium (OLC ) 
maintained through the Oregon Department of Geology and Mineral Industries 
(DOGAMI, 2009). No sonar was available upstream of bar 3, so we estimated cross-
sectional bed topography for bars 1 and 2 from aerial imagery using the HAB-2 model 
(Walther et al., in press; Fonstad and Marcus, 2005). We used the method of Arcement 
and Schneider (1989) to estimate Manning’s roughness coefficients for the channel and 
floodplain.  
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A sensitivity analysis of the Shields parameter (θcr) and slope with regard to the 
critical shear stress and critical stage height show that both can contribute to variation in 
the results to differing degrees. The sensitivity of critical stage height to slope was 
highest (almost 50%) as compared to the Shields parameter (~10%).  For this reason, we 
choose the Shields' value of 0.045 to represent average conditions for the entire study 
area. We used slopes measured at each bar to represent the local variations in river slope. 
Given estimates of the discharge at the critical D50 stage for each bar, we wanted to 
know the frequency of mobilization, or the recurrence interval, which is important in 
environmental management and environmental flows planning for habitat maintenance 
and restoration. To determine the recurrence interval for this discharge we used USGS 
gage data (Table 3.3) in the PeakFQ model (Flynn, 2006a, 2006b), which estimates 
instantaneous peak flows for a range of recurrence intervals by fitting the Pearson Type 
III frequency distribution to the logarithms of instantaneous annual peak flows following 
Bulletin 17B guidelines  (IACWD, 1982). We compared the calculated discharge to the 
2-, 5-, and 10-year post-dam recurrence intervals and also to the peak flow of the well-
documented Pacific Northwest Flood of 1996 which had an ~100 year recurrence interval 
and was the largest food on the system since 1964 (Johnson et al., 1996, 2000). 
It is assumed that the entrainment and transport of the median (or smaller) grain sizes 
occur when the critical discharge (calculated from critical stage height) is equaled or 
exceeded. Therefore, the results represent only median grain motion, without accounting 
for other hydraulic conditions (turbulence, etc.) and sediment characteristics that also 
affect entrainment (Andrews, 1984; Komar, 1987; Pohl, 2004). Full bed mobilization 
would require a much higher discharge than that based on the D84 grain size, due to 
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channel characteristics such as form and location, and sediment characteristics such as 
grain angles, exposure, and packing (Knighton, 1991). 
Finally, to explain their relative hydrologic and geomorphic contributions to the river 
channel, we used the GIS program ArcMap 9.3 (ESRI, 2009) and the ArcHydro 
extension (Maidment, 2006) to quantify the drainage area and used the LiDAR-derived 
elevation data to calculate the slope of each of the small tributaries nearest the bars in the 
upstream direction.  
 
Table 3.3. U.S. Geological Survey streamflow-gaging stations used in the study (USGS, 
2010). 
Station 
No. 
Streamflow-gaging 
station name 
Drainage
area (km2)
River 
km (mi) 
Period of record
(water years) 
14162500 McKenzie River near Vida 2408 69.4 (43.1) 1925-2009 
14163150 McKenzie River below Leaburg Dam, near Leaburg 2667  52.5 (32.6) 1990-2009 
14163900 McKenzie River near Walterville 2799 38.1 (23.7) 1990-2009 
 
 
RESULTS 
Grain size distribution characteristics 
Cumulative frequency curves and downstream trends. The cumulative frequency 
curves for each bar show the variability above and below Leaburg dam (Figure 3.3), 
Leaburg tailrace (Figure 3.4), and Walterville tailrace (Figure 3.5). At Leaburg dam, the 
grain sizes for the three bars upstream of the dam and the three bars downstream of the 
dam vary within each group and some overlap occurs between bars 1, 3, 4, and 6 below 
the 40th percentile (Figure 3.3). More generally, the gravels below the dam are coarser 
and include much larger grain sizes in the upper quartile of the curve than those above the 
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dam. The canals, however, exhibit a different pattern. At the Leaburg canal tailrace, the 
curves of the grain sizes between the bars upstream of the tailrace and those downstream 
of the tailrace are more similar in overall shape and show less variation than those of the 
Leaburg dam groups (Figure 3.4). Overall, the gravels are finer below the Leaburg canal 
tailrace. At the Walterville canal tailrace, the gravels above and below the dam exhibit a 
large amount of overlap in the distribution curves (Figure 3.5). The grain sizes of the bars 
upstream and downstream of the Walterville tailrace show slightly greater variation and 
more overlap than those of the Leaburg canal bars. Only the curves from bars 21 and 24 
are distinct for at least half of the curve. Sorting values show that all of the bars are very 
well-sorted ( < 1.2 from Folk and Ward, 1957) (Table 3.4). 
 
 
 
Figure 3.3. Cumulative percent finer frequency curves for sediment bars sampled above 
and below Leaburg Dam. 
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Figure 3.4. Cumulative percent finer frequency curves for sediment bars sampled above 
and below Leaburg canal tailrace. 
 
 
 
Figure 3.5. Cumulative percent finer frequency curves for sediment bars sampled above 
and below Walterville canal tailrace. 
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It is well known that the median surface grain size of gravel-bed rivers decreases 
exponentially with downstream distance at the largest spatial scales (e.g., Robinson and 
Slingerland, 1998; Morris and Williams, 1999; Hoey and Bluck, 1999). The pattern of 
grain size fining with distance downstream is not statistically significant at the scale of 
this reach of the lower McKenzie (Figure 3.6). Instead, there are lower grain size values 
(D50) at the beginning of the reach above Leaburg dam, and higher values in the segment 
of the river between the Leaburg dam (and diversion canal) and the Leaburg tailrace 
(Figure 3.6a). The data exhibit no fining trend. The residuals illustrate the variability of 
the grain size (Figure 3.6b).  
 
Table 3.4. River number, location (km and bank side), and grain sizes (mm) for the 5th, 
16th, 50th, 84th, and 95th percentiles. Lines separate each group of bars above and below 
the dam or canals.  
Bar River km (mi) Location (bank) D5 D16 D50 D84 D95 Sorting ()
1 58.9 (36.6) above dam (right) 11 19 37 64 96 0.53 
2 57.8 (35.9) above dam  (left) <2 <2 20 41 61 0.21 
3 57.2 (35.6) above dam  (left) <2 34 54 78 95 0.40 
4 54.5 (33.9) below dam  (left) 14 27 72 150 170 0.45 
5 54.0 (33.6) below dam  (left) 32 64 89 130 165 0.65 
6 52.2 (32.4) below dam  (left) <2 16 52 125 160 0.28 
7 47.0 (29.2) above L tailrace (left) 40 60 115 160 175 0.63 
8 46.4 (28.8) above L tailrace (right) 45 60 86 125 160 0.69 
9 43.9 (27.3) below L tailrace (left) 24 40 70 128 130 0.58 
10 42.2 (26.2) below L tailrace (left) 40 50 68 94 125 0.72 
11 41.8 (26.0) below L tailrace (right) 19 28 55 100 130 0.54 
20 30.2 (18.8) above W tailrace (left) 17 26 45 70 128 0.57 
21 29.0 (18.0) above W tailrace (right) 11 16 36 59 90 0.52 
22 28.2 (17.5) above W tailrace (left) 22 30 52 90 160 0.56 
23 26.7 (16.6) below W tailrace (right) 14 28 45 73 95 0.59 
24 25.5 (15.9) below W tailrace (left) 31 43 58 82 125 0.69 
25 25.0 (15.5) below W tailrace (right) 16 25 45 74 87 0.59 
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Figure 3.6. (a) D50 grain size values with distance downstream graphed with the Leaburg 
dam and canal diversion, Leaburg tailrace, Walterville diversion, Walterville tailrace, 
tributaries (red arrows) along the reach. A regression line fitted to the data is shown.  (b) 
Residuals of the D50 grain size values with distance downstream. The R2 value (R2=0.03) 
and P-value (P>0.05) show no significant relationship between grain size and 
downstream distance.   
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Pooled grain size statistics. We pooled the grain size data from the 2-3 bars above the 
feature of interest into one group and 3 bars below the feature into another group. Both 
the pooled D50 and D84 grain sizes of the bars downstream of the dam are larger than 
those of the bars upstream of the dam. Conversely, both the pooled D50 and D84 sediment 
sizes were smaller for the bars downstream of the Leaburg canal tailrace than those above 
the tailrace. The differences of the pooled grain sizes of the bars above and below the 
Walterville canal tailrace are small. Both the pooled D50 and D84 are slightly larger below 
the tailrace than above it (Table 3.5). The Kolmogorov-Smirnov test (Zar, 1999) showed 
a statistically significant difference in the shape of the distribution of the pooled samples 
above and below all three sites. 
 
Table 3.5. Pooled grain size D50 and D84 (mm) and results of Kolmogorov-Smirnov Test 
for each site. Paired pooled grain size distributions were tested against the null hypothesis 
that the distributions are the same at the 0.05 significance level.  
Location D50 D84 Kolmogorov-Smirnov test results 
  Above dam 37 62 D(0.4632) > D0.05, 326 (0.0755)          
p<0.01  differ   Below dam 77 104 
  Above LT 97 107 D(0.3302) > D0.05, 212 (0.0933)          
p<0.01  differ   Below LT 69 100 
  Above WT 43 75 D(0.1321) > D0.05, 318 (0.0762)          
p<0.01  differ   Below WT 50 76 
 
 
Modeled critical discharge and flow frequency 
The critical shear stress for the D50 at each bar ranges from 14.6 -83.9 N/m2 (Table 
3.6). The calculated stage height needed to entrain the D50 of the bar gravels and the 
estimated discharge to reach that stage at each bar ranges from 0.8 to 4.7 m and 144 to 
2,476 cms, respectively (Table 3.6). The lowest discharge values are at bars located 
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above the dam, while the higher values are dispersed throughout the rest of the study 
reach. Except for bar 3, the modeled critical discharge of each of the bars was met or 
exceeded during the documented 1996 flood (Table 3.6). When plotted with the post-dam 
2-, 5-, and 10-year flood return intervals (Q2, Q5, Q10), 13 of the 17 bars have critical 
discharge values hovering around or below the Q2 value and four of the bar values are 
hovering around or below the Q5 value (Figure 3.7).  
 
 
Table 3.6. Slope, calculated critical shear stress and critical stage height above the bar 
surface needed to entrain the D50 of each bar, numbered upstream to downstream, 
WinXSPRO modeled channel discharge (Q) for each, and whether the critical discharge 
was exceeded in the flood of  1996.  
Bar Slope Critical shear  stress (N/m2) 
Critical Stage
Height (m) 
QStage 
(cms) 
Exceeded in 
1996 Flood 
1 0.0035 27.0 0.8 144 Y 
2 0.0016 14.6 1.0 190 Y 
3 0.0008 39.4 4.7 2476 N 
4 0.0035 52.5 1.5 387 Y 
5 0.0024 64.9 2.7 436 Y 
6 0.0035 37.9 1.1 494 Y 
7 0.0035 83.9 2.5 611 Y 
8 0.0019 62.7 3.3 827 Y 
9 0.0030 51.0 1.7 529 Y 
10 0.0035 49.6 1.4 553 Y 
11 0.0013 40.1 3.1 711 Y 
20 0.0032 32.8 1.0 254 Y 
21 0.0018 26.2 1.5 264 Y 
22 0.0024 37.9 1.6 699 Y 
23 0.0014 32.8 2.4 512 Y 
24 0.0023 42.3 1.9 565 Y 
25 0.0020 32.8 1.7 554 Y 
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Figure 3.7. The calculated discharge at three different return intervals (2-, 5-, and 10-
year) and the modeled discharge needed to move the D50 of the gravels at each bar plotted 
against drainage area. The locations of the Leaburg dam and diversion, the Walterville 
diversion, and both the Leaburg canal and Walterville canal tailraces are shown. The bars 
above and below each feature are circled for visual comparison. The modeled discharge 
for bar 3 is excluded because it is anomalously large due to its location at Leaburg Lake. 
 
 
DISCUSSION 
In the following sections, we first discuss the differences observed in the grain-size 
distributions in terms of the cumulative frequency and the pooled D50 and D84, as well as 
possible reasons for the differences. The key influences on grain size distribution that are 
discussed include sediment disconnection, hungry water, dewatering of the main channel 
for the canals, and tributary inputs into the channel. Subsequent sections discuss the 
modeled entrainment discharge and how the results compare to calculated post-dam flood 
frequencies. Lastly, we discuss other evidence and possible reasons for the modeled 
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discharge results, including canal information and geomorphic channel changes, and 
model limitations. 
 
Grain size distribution characteristics 
Dams. Unaltered, natural streams typically show a decrease in median (D50) and 
coarse (D84) grain sizes with distance downstream (Graf, 1980; Chien, 1985; Knighton, 
1987). However, in dammed rivers, coarsening can often occur downstream of the dam 
(Collier et al., 1997). Though the scale of the response of a river to a dam is variable, an 
increase in median grain size is a typical sedimentary response for two possible reasons, 
disconnection from the upstream sediment supply and sediment-starved water flowing 
from the dam (Ward and Stanford, 1979; Kondolf, 1997; Buffington and Montgomery, 
1999b). The upper McKenzie (above Leaburg dam) is also considered coarse sediment 
supply limited relative to transport capacity a result of the larger dams upstream 
(Stillwater Sciences, 2006).  
On the McKenzie River at Leaburg dam, the below-dam bars have far fewer of the 
small grain sizes compared to the above-dam bars. The difference between the pooled 
sample distributions above and below the dam is statistically significant (p<0.01). 
Additionally, both the pooled D50 and D84 grain size percentiles increase over 50% below 
the dam. Thus, gravel coarsening on the bars below Leaburg dam is exhibited in both the 
cumulative frequency curve and the pooled grain sizes. The dam acts as a barrier to 
downstream sediment delivery, resulting in gravel coarsening below the dam.   
Canals. There are three potential canal effects on grain size distribution on the bars in 
the main channel. These include: 1) the canal return flow "hungry water" effect, 2) the 
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dewatering of the main channel, and 3) the tributary inputs in the main channel. Studies 
on canal return flow effects on grain size distribution primarily focus on controlling 
sediment and pesticide inputs from irrigation canals (Weston et al., 2004; Brown et al., 
1981; Brown et al., 1974) and within canal sediment transport (Petit et al., 1996). On the 
McKenzie River, essentially no sediment is introduced into the canal at the intake and 
very little sediment transport occurs within the canals, primarily the occasional sediment 
introduced from the slope along the canal that is then moved down-canal, where it is 
trapped until removed by EWEB. The canal tailraces add "hungry water" to the main 
stem--sometimes more than is in the channel. Despite this, the gravels on the bars above 
and below the canals show far less variation than those above and below the dam.  
Below the Leaburg tailrace, all three bars exhibit a greater percentage of smaller grain 
sizes than the bars above the tailrace. The distributions of the two pooled samples are 
significantly different (p<0.01). This is reflected in the diameters of the D50 and D84 
percentiles, which decrease below the tailrace by ~ 30% and ~7%, respectively.  
At the Walterville tailrace, the difference between the bars above and below the 
return flow is less clear. In fact, five of the six cumulative frequency curves overlap for 
much of the curves. Still, the distributions of the pooled samples are significantly 
different (p<0.01). The diameters of both the D50 and D84 percentiles are higher at the 
bars below the return flow, but the difference is small--14 and 1%, respectively.  
This fining below the Leaburg tailrace and slight coarsening of the gravels below the 
Walterville tailrace are contrary to the concept of coarsening with the addition of 
sediment-starved water. However, a second effect of the canals is the dewatering of the 
main channel for the length of the canal, and reduction of competency may further 
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diminish the sediment delivery already limited by the upstream dams (EWEB, 1991). 
Thus, not only is the sediment supply reduced at the dam, but the large percentage of 
water that is removed from the channel into the canals (greater than or equal to the 
amount of water remaining in the channel for the majority of the year-see Table 3.1) also 
reduces the competency of the river between the diversion and the tailrace, further 
limiting the movement of sediment downstream in the channel. The distribution of 
sediment, and the frequency with which sediment is added or removed from channel 
locations, reflects the degree to which sediment transport in the river system is connected 
or disconnected (Harvey, 2002; Hooke, 2003). Any factor that impedes sediment 
conveyance constrains sediment delivery downstream (Fryirs et al., 2007). Thus, between 
the diversion and tailrace, the sediment size in the channel may be partly determined by 
sediment introduced from local sources in this reach. The result could be fining or 
coarsening, depending on the size of local sediment introduced. For example, bars 7 and 
8, above the Leaburg tailrace, have generally higher D50 and D84 grain size values than 
the bars below the tailrace. This might reflect input of coarser grain sizes from local 
sources, and limited mobilization of these inputs above the tailrace. Ultimately, the 
reduced volume of water above the tailrace may play a greater role in disconnecting and 
reducing sediment delivery than the increased volume of water below the tailrace plays in 
mobilizing sediment downstream.  Disconnecting sediment along a channel can result in 
erosion and river incision, and therefore the increased importance of external sources of 
replacement sediment.  
In sediment-starved rivers, tributary inputs are a key source of sediment replacement 
into the main channel. Within the study area, the combination of the upstream dams, rip-
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rapping of banks, and encroachment of vegetation on point bars has reduced the major 
sources of sediment, so that the tributaries, whose hydrologic contribution are relatively 
small, may have become the primary sources of sediment (EA Engineering, Science, and 
Technology, 1991). Sediment recruitment at tributary confluences can alter the typical 
longitudinal sediment pattern of downstream fining, reducing the decline or even 
increasing average grain sizes in a variably shaped saw-tooth pattern (Church and 
Kellerhals, 1978; Knighton, 1980). The grain size increases reflect the influx of sediment 
of sufficient volume or size to redefine the grain size characteristics of the channel (Rice 
et al. 2001). At spatial scales of ~1 km or less, a stochastic pattern is often produced 
(Rice et al. 2001). In our study, the generally observed downstream fining pattern 
(Knighton, 1998) is affected by small D50 values above the dam and large D50 values in 
the dewatered portion of the river between the Leaburg dam and the Leaburg tailrace 
(Figure 3.6a).  
Sedimentary inputs from a number of small tributaries along the study reach appear to 
influence median grain sizes on the bar below the confluences, but the influence varies. 
The potential combined hydrologic and sedimentary influences of the dam and canals and 
the tributaries are illustrated in Figure 3.6 where the D50 grain size pattern (Figure 3.6a) is 
shown above the residuals of the D50 values (Figure 3.6b) along the same x-axis of 
distance downstream.  
Along the study reach of the relatively coarse grained gravel-bedded McKenzie, the 
majority of the tributaries (selected for location above a sampled bar) appear to contribute 
to a decrease in median grain size at the proximate downstream bar (Figure 3.6a). The 
tributaries above the dam appear to decrease the D50 values. Similarly, the D50 value is 
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relatively low on bar 6 below the first tributary below the dam, in contrast to the coarser 
values for bars 4 and 5 below the dam (but upstream of bar 6). Though still large, the D50 
value decreases at bar 8, just below a different tributary. Below tributaries, the D50 values 
at bars 9 and 11 also decrease. Finally, just below Walterville tailrace, the tributary inputs 
may slightly decrease the D50 value at bar 23.  
This possible influence is also observed in the pooled D50 and D84 grain size values. 
The pooled grain size values below Leaburg tailrace are larger than those below 
Walterville tailrace, in line with a general decrease in grain size with distance 
downstream. However, the expected increase in grain size does not occur below the 
Leaburg tailrace and though it does occur below the Walterville tailrace, it is very small. 
The tributary inputs may be the reason for this. The influx of sediment from Camp Creek, 
located less than 75 m below Walterville tailrace and ~400 m above the next sampled bar, 
appears to decrease the median grain size value at bar 23, dampening the increase in the 
pooled grain size values. The increase in finer sediment than what is in the channel could 
buffer the coarsening despite the increased discharge at the tailrace, thereby reducing the 
amount of difference between the pooled grain size values on the bars above and below 
the tailrace.  
Bar 7 could provide an example of a tributary increasing the grain size immediately 
downstream of its input, as the D50 value and residual are the largest respective values on 
the study reach. The tributary upstream of bar 7 is located ~6 km downstream from the 
previous sampled bar so it is not immediately clear what the relative effect is on the grain 
size. However, Stallman et al. (2005) posited that several tributary inputs increase the 
mean grain size in the upper McKenzie River (above the study area) where a higher than 
62 
 
reference sediment yield from Deer Creek appeared to compensate for upstream sediment 
trapping. The tributary at bar 7 has the smallest drainage area and the steepest slope (an 
order of magnitude or more greater than the slopes of the other tributaries) of all 
tributaries (Table 3.7). This suggests that this tributary could be delivering sediment to 
the channel via a debris flow mechanism or a fluvial process transporting coarser 
sediment. Since this input occurs in a dewatered section of the main channel, the tributary 
sediment input may increase the grain size values at a point where the river is less 
competent and therefore unable to move the larger grains.    
 
Table 3.7. Drainage area and slope of selected tributaries near sampled gravel bars.  
Creek Distance (km) 
Drainage area 
(km2) Slope Location 
Gate 0.9 124.2 0.010 upstream of bar 1 
Indian 1.6 16.2 0.050 upstream of bar 2 
Trout 6.2 9.6 0.053 upstream of bar 6 
Unnamed 12.8 2.5 0.215 upstream of bar 7 
Fish return 13.5 -- -- upstream of bar 8 
Holden 15.9 11.0 0.043 upstream of bar 9 
Haagen 17.8 13.0 0.053 upstream of bar 11 
Camp 32.4 68.1 0.004 upstream of bar 23 
 
 
 
Modeled critical discharge and flow frequency 
The balance of sediment supply and river's capability to transport it influences the 
channel structure and pattern, thereby creating physical habitats. The calculated critical 
stage height, and therefore critical discharge values, vary among the bar cross-sections, 
without regard for longitudinal location or lateral in-channel location (Table 3.6, figure 
3.7). 
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 Leaburg dam. Bar 3 has the largest critical stage height (over four times greater than 
at bars 1 and 2) and discharge for the study sites (Table 3.6). This is the closest bar to 
Leaburg Lake, and it appears to be influenced by a backwater effect from the lake, 
because its slope is half of the nearby bars. Compared to bars 1 and 2, bar 3 has more 
fines but is coarser at the 15th-90th percentiles. The critical stage height values are 
generally higher below the dam than above the dam (excepting bar 3), and therefore the 
critical discharges are also higher. All of the critical discharge values of the bars located 
upstream and immediately downstream of Leaburg Dam (bars 1-6) are below the post-
dam 2-year return flow (Q2) estimates from the nearby gage (Vida) (Figure 3.7). Below 
the dam, the critical discharge values are greater than those above the dam, with the 
largest value occurring at bar 6.   
Leaburg canal tailrace. The stage height values needed to move the median grain 
sizes are generally greater at the bars above the tailrace than below, but there is little 
difference in the critical Q (Table 3.6). The critical discharge values of the bars above the 
tailrace fall between the post-dam Q2 and Q5 estimates from the Leaburg gage. The 
critical discharge value at bar 8 is greater than that of bar 7. One reason for this is that bar 
8 has a much lower slope and a greater critical stage height than bar 7, so a higher 
discharge is needed to move the gravels. At bar 8, the low slope is observable in the 
LiDAR measurements and a large portion of the channel appears shallower in both the 
cross-section and in the orthophotograph of the site. This, despite similar or lower grain 
size percentile values, results in a higher critical discharge. The textural coarsening in the 
dewatered section of the river just above the Leaburg canal tailrace results in rougher 
surfaces, increasing critical shear stresses at the bed and thereby reducing transport 
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capacity (Buffington and Montgomery 1999a), especially when the channel slope 
decreases as it does at bar 8. 
Below the tailrace, all of the critical discharge values fall on or between the post-dam 
Q2 and Q5 estimates (Figure 3.7). Bar 11 has higher critical Q and stage height than bars 
9 and 10.  Bar 11 has finer sediment than the other two (Table 3.4), so the difference is 
due to lower slope at bar 11 (Table 3.6).   
Walterville canal tailrace. Calculated stage heights and critical discharges are slightly 
lower at the bars upstream of the tailrace than those downstream (Table 3.6). Critical 
discharge values of the bars above the tailrace fall well below the post-dam Q2 trendline, 
while those of the bars below the tailrace are clustered around it.  
 
Geomorphic channel changes 
While we have presented some of the relative differences in the effects of the dams 
and canals on grain size and mobilization of sediment, the combined effects of the 
regulation on the river is geomorphically apparent in a number of other channel 
characteristics. In terms of flow changes that could influence geomorphology, regulation 
from the upstream dams has slightly increased the minimum flows from ~36 to 38 cms 
(1,260 to 1,350 cfs) and reduced the two-year discharge by more than half from ~1825 to 
850 cms (64,400 to 30,000 cfs), as recorded at the Vida gage (EWEB, 1991).   
Risley et al. (2010), using historical orthophotographs on the same portion of the 
lower McKenzie River as our study, have show that between 1939 and 2005, all 
measured channel characteristics decreased, suggesting a less dynamic river (Table 3.8). 
For over 72 river reaches, Graf (2006) found these to be common changes that 
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collectively reduce the geomorphic complexity of the river. Specifically, with respect to 
bars, Risley et al. (2010) found that, between 1939 and 2005, the area of active gravel 
bars in three reaches (labeled reaches 8, 9, and 10) within our study area decreased by 20, 
100, and 25%, respectively. This is indicative of a less active river channel overall. 
Furthermore, more than 13% of the river banks have been stabilized using rip-rap  
(Runyon, 2000). This figure is a minimum as it only represents U.S. Army Corps of 
Engineers projects. More private stabilization exists and continues to be implemented on 
the river. 
 
Table 3.8. Summary of changes in channel characteristics on the Leaburg and Walterville 
reaches (numbered 8, 9, and 10 in Risley et al., 2010) of the McKenzie between 1939 and 
2005 (from Risley et al., 2010). 
Characteristic Change 
Grain size (D50 & D84) Decrease 
Avulsions Decrease 
Lateral migration Decrease 
Area of active gravel bars Decrease 
Length of secondary channel features Slight decrease 
Length of primary channel Equal or decrease 
 
 
Salmonid habitat 
Restoration of endangered species, particularly salmonids in the Pacific Northwest, is 
a major element of river regulation and dam research and policy.   Substrate and river 
landforms are important aspects of habitat needs of salmon. Our research affirms that 
geomorphology is key to these issues (Graf, 2005). Even small changes in flow can 
induce measurable changes in the ecosystem (Poff and Ward, 1989). Because substrate is 
such key habitat characteristic, bed mobility is used as a distinguishing threshold for 
ecological response to a change in flow (Biggs and Close, 1999). Dam flood releases 
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have been effective at flushing sediments to improve salmon habitat (May et al., 2009) 
and at incorporating terrestrial material and nutrients for salmon diet (Eberle and 
Stanford, 2010), but also at disrupting river metabolism (Cronin et al., 2007). In the 
McKenzie River, the limited supply of sediment, reduced area of suitable depositional 
conditions for finer materials, and decreased bar dynamics have likely resulted in coarser 
bar gravels than in the pre-dam period. The D50 grain sizes of the bars on much of the 
river are large, many of them already too coarse for salmon spawning (EA Engineering, 
Science, and Technology, 1991).   
Grain size characteristics of a river play a dual role in salmonid success: food 
production and reproduction. The link between sediment and biomass of benthic 
organisms has been established (Hynes, 1970; Minshall, 1984), and the abundance of fish 
corresponds to biomass of available food in the form of detritus, periphyton, and 
invertebrates (Osmundson et al., 2002). Furthermore, grain size is one of the important 
habitat requirements for spawning and varies depending on species and size of fish. Some 
key species in the McKenzie River include spring Chinook salmon, steelhead, and 
cutthroat trout. The substrate size criteria for spawning areas for these species varies 
between 6-102 mm (Table 3.9), with D50 values ranging between 20-45 and 15-30 mm 
for Chinook and steelhead, respectively (Kondolf and Wolman, 1993). Our D50 values 
exceed the Chinook range at 11 of the 17 bars and the steelhead range at all but one bar 
(Figure 3.8). The D84 values of six bars exceed the maximum of 102 mm, with the 
highest values found on the bars from Leaburg dam to below Leaburg tailrace (4-11).  
Together with the decrease in geomorphic complexity in the river corridor noted 
above, our measured grain size characteristics suggest that habitat in an almost 30 km 
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section of the river is only partially suitable, and we hypothesize that the dam and canal 
effects play a role in causing this to occur.  
 
Table 3.9. Substrate size criteria for spawning areas of key anadromous fish in the 
McKenzie River. Larger species generally range between 13-102 mm and smaller species 
range between 6 to 52 or 76 mm, depending on the size of fish (Bjorn and Reiser, 1991). 
Species Substrate size (mm) Source 
Spring Chinook Salmon 20-45a (D50) Buffington et al., 2004; Graf, 1996 
 13-102b Bjorn and Reiser, 1991 
Steelhead 15-30a (D50) Buffington et al., 2004; Graf, 1996 
 6-102c Bjorn and Reiser, 1991 
Cutthroat Trout 6-102c Bjorn and Reiser, 1991 
a Kondolf and Wolman, 1993 
bBell, 1986 
cHunter, 1973 
 
 
 
Figure 3.8. Bar D50 and D84 grain size values shown with the overall substrate size ranges 
for spawning for Spring Chinook, Steelhead and Cutthroat Trout (red box) and the D50 
substrate size ranges for spawning Spring Chinook and Steelhead (blue lines).  
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Equation and model limitations 
Sediment transport involves complex interactions between flow and the grain sizes in 
transport, all with characteristic time scales of supply (Howard and Dolan, 1981). These 
complexities in river systems pose many challenges to sediment transport analysis and 
human impact assessment. Some of the problems with incipient motion calculations 
include an inability to account for turbulence, the change in grain size distribution with 
velocity, variability in mobility from bed break-up, or the variability of the processes 
involved at different parts of the river or for different river characteristics (Lorang and 
Hauer, 2003; Parker and Klingeman, 1982). Furthermore, incipient motion calculations, 
calibrated to specific to grain size characteristics (e.g. specific ranges of grains, uniform 
grain sizes and shapes), assume specific flow conditions (steady, uniform) and channel 
shapes (rectangular, trapezoidal). Additionally, sediment functions rely on hydraulic 
geometry relationships that often include roughness values that are difficult to estimate 
(Yen, 1992). These equations are subsequently used in other equations, propagating the 
error of each calculation. When based on time-averaged bed shear stress, incipient motion 
calculations may under predict sediment transport (Papanicolaou et al., 2002). Despite all 
the developments and the research done, some of the classic works (Leopold and 
Maddock, 1953; DuBoys, 1879) remain standards against which comparisons are made 
and models are based. The dynamic nature of rivers includes inherent variability and 
natural feedbacks that the equations cannot account for (e.g. vegetation, floodplain 
interactions, etc.) and more research is needed to improve estimates of the non-
measurable parameters (e.g. roughness).  
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The joining of sonar measurements and LiDAR measurements also incur error to 
create the channel cross-sections that may omit or smooth some of the channel 
variability. The WinXSPRO model essentially fills the cross-section and smoothing may 
increase the modeled critical discharge value. While these issues affect the critical 
discharge calculations, and anomalies should be noted, the functions can be useful in 
determining a range of possible geomorphic responses to an applied mean force and for 
comparison against other similar systems (Lorang and Hauer, 2003).   
 
Implications for management 
This study serves to highlight the importance of sediment size and mobility in the 
fluvial system, especially with respect to management using environmental flows. 
Environmental flow is the flow needed in a river to maintain a healthy ecosystem and an 
environmental flow prescription defines the necessary seasonal and inter-annual variation 
in low flows, high flows, and floods to support ecosystem species and ecological 
functions (Richter et al. 2006). Restoration projects are beginning to focus on restoring 
environmental flow regimes in rivers that have been regulated by damming for water 
supply, hydropower, flood control, and other purposes. In order to implement 
environmental flows on a river, specific recommendations must be made. The process of 
developing environmental flow recommendations results in a range of recommended 
flow discharges for low flows and high flows throughout the year, and inter-annually 
targeted floods (Richter et al. 2006). It is understood that river ecosystem health 
deteriorates when the movement of water, sediments and organic materials through a 
river system are disrupted or altered by human activities (Poff et al. 1997; Richter et al. 
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2003). Therefore, environmental flows are implemented with the aim of more closely 
mimicking the natural flow regime of the river, and thus, the movement of sediments. For 
this reason, knowledge of sediment characteristics and mobility of the river is necessary 
in determining environmental flows for habitat restoration.   
Though it remains to be seen if the future implementation of environmental flows on 
the McKenzie will result in improved salmon habitat, our modeled critical discharge 
values suggest that flows above the 2-year return frequency are capable of moving the 
D50 on the majority of the bars, and flows around the 5-year return frequency can move 
the D50 on all of the bars except bar 3 (due to a local backwater control). These results are 
promising for the implementation of environmental flows on the McKenzie River, as 
increased discharge on the river would primarily increase flow in the "reduced water" 
sections of the river and mobilize the larger sediment located in those reaches. However, 
environmental flows do not address the issue of sediment supply.  
The McKenzie is a sediment-starved system with high grain size values relative to the 
identified ecological needs. Thus, the environmental flow prescription must incorporate 
flows that will flush larger gravels without coarsening the system overall, a difficult 
prospect (Kondolf and Wilcock, 1996). Though increased flow pulses have the potential 
to incorporate bank sediments and thereby increase the local sediment supply (Gregory et 
al. 2007), the overall contribution of bank sediments into the river is unknown and the 
presence of revetments throughout the study reach minimizes the potential supply from 
banks. The grain size distribution of the tributary inputs is also unknown. Our study 
suggests that the tributaries may be contributing sediment that is primarily finer than the 
gravels on the bars within the channel. Thus, implementation of seasonal or inter-annual 
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flushing flows may be able to mobilize the large gravels, particularly those located within 
the reduced water segments of the river. The periodic mobilization of large gravels and 
the continued contribution of finer than in-channel sediment could alter the overall grain 
size distribution and result in the desired decrease in the D50 and D84 grain size values 
(with respect to salmon habitat). To determine if this is the case, measures of both bank 
and tributary contributions (volume and grain size) are needed to determine the flow 
volume, timing, and frequency. The implementation of the recommended flows must then 
be followed by monitoring of both channel changes and grain size distributions over time.  
In the absence of a decrease in grain size values following the implementation and 
monitoring of the environmental flows, the question of whether sediment augmentation is 
needed arises. This question is valid, but given that sediment augmentation is costly and 
must be maintained, we recommend that sediment augmentation be re-visited only after 
the previous steps are taken and are proven unsuccessful first. 
 
CONCLUSIONS 
River regulation has varying impacts on a river channel characteristics. The type of 
regulation, together with localized characteristics, affects the ability of the river to move 
sediment downstream. While the mean grain sizes above and below the small run-of-river 
Leaburg dam show the classic coarsening pattern, coarsening to the same degree is not 
observed below the tailraces. The pooled D50 and D84 grain size percentiles increase 
below Leaburg dam as expected from theory and previous studies. The “hungry water” 
effect predicts that sediment will coarsen below the canal tailraces.  While there is a 
slight coarsening below the Walterville tailrace, sediment fines below the Leaburg 
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tailrace. It is possible that fining below the Leaburg tailrace is a result of the input of 
sediment from tributaries. At the Walterville canal tailrace, the coarsening effect appears 
to be dampened by fine sediment input from Camp Creek located below the tailrace and 
above the bars. A degree of decrease in mean grain size is observed on the majority of 
bars immediately downstream of a tributary, indicating that the main effect of tributaries 
in the study area on sediment in the main channel bars is fining. Thus, despite the fact 
that the canals return an approximately equal amount of sediment-starved flow back to 
the main channel, a clear coarsening effect is not observed.  
The critical discharge is at or below the 2-year return frequency for 12 of the 17 bars, 
at or below the 5-year return frequency for four of the remaining bars. The estimated 
critical discharge does not occur for at bar three, which is attributed to a Leaburg Lake 
backwater effect. During the 1996 flood, the critical discharge was exceeded for all of the 
bars except bar three. Though the results show no dominant pattern of sedimentary 
impacts from the canal return flow, they point to the possible importance of tributary 
sediment contributions, particularly in segments of the river with reduced flow. Both 
decreased in-channel complexity and large gravel sizes suggest that the quality of 
anadromous fish habitat has been reduced over time on a large segment of the river.   
Sediment storage behind small dams, together with assessments of the effects of canal 
water diversions, in-channel reductions in flow, and sedimentary inputs from the 
tributaries are needed to better understand the impacts of the variety of types of river 
regulation beyond large dams. The differences in pooled grain sizes above and below the 
McKenzie River dam and canals are representative of a channel response to altered 
sediment and water supply as characterized on the bars, but also include the influence of 
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the tributaries near the sampled bar. The dam and canal impacts on grain size distribution 
could be more broadly quantified with further studies of grain size distribution at other 
in-channel features (pools, riffles, etc.), within the canals and tributaries, and from the 
subsurface (for estimating possible armouring ratio). Quantifying the size and volume of 
the longitudinal and lateral sedimentary inputs would enhance understanding of the 
relative impacts of the dam and canals on the channel sediment. Furthermore, on a 
disconnected, sediment-starved river, such as the McKenzie, the importance of the 
tributary sedimentary inputs is increased and could play a key role in habitat development 
and maintenance.  
One step in improving river management has been the focus on developing 
environmental flow regimes. Understanding past and current management effects on a 
river is an important part of that development (Brown and Bauer, 2010). Though it 
remains to be seen if the future implementation of environmental flows on the McKenzie 
will result in improved salmon habitat, our modeled critical discharge values suggest that 
flows above the 2-year return frequency can move the D50 on the majority of the bars and 
flows around the 5-year return frequency can move the D50 on all of the bars except one. 
These results are promising for the implementation of environmental flows on the 
McKenzie River, as increased discharge on the river would primarily increase flow in the 
"reduced water" sections of the river and mobilize the larger sediment located in those 
reaches. Even so, the reduction of the supply of sediment needs to be further investigated 
and may require other steps beyond environmental flows, such as gravel augmentation. 
This study highlights the need to include knowledge of geomorphic processes in any 
hydrologic alteration planning. Though Poff et al. (2010) included geomorphic features in 
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river classification for establishing regional environmental flow standards, 
geomorphology has typically been left out of much of the development of environmental 
flow recommendations (Richter et al., 2006) and ESA Recovery Planning (NOAA, 
2005). The geomorphic, hydrologic, and ecologic characteristics of a river are important 
in refining the limitations of management in a system to achieve desired outcomes (Null 
et al., 2010). Our work further highlights the importance of continued collaboration with 
EWEB, the USGS, and the USACE on environmental flows regulations to incorporate 
the geomorphic component. Salmonid fish depend on this complex combination of 
considerations to improve habitat on regulated rivers. 
The research presented in this chapter documents the impacts of the dam and canals 
on the lower McKenzie River, Oregon, and discusses the importance of sediment 
movement for habitat and river management using environmental flows. In the next 
chapter, I map the distribution of small dams in Oregon and discuss the issues associated 
with the available data sets and in assessing the geomorphic impacts of the dams. 
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CHAPTER IV 
 
DOCUMENTING THE DISTRIBUTION AND GEOMORPHIC EFFECTS OF  
SMALL DAMS (<30 FT) IN OREGON:  FINDINGS AND  
METHODOLOGICAL LIMITATIONS 
 
  This chapter is to be submitted to Geomorphology. This chapter includes 
 material that will be published as a coauthored article with W. Andrew Marcus, 
  who provided editorial assistance.  
 
 
1. Introduction 
 The period of major dam construction in the U.S. has passed.  The focus of dam 
research has now shifted to understanding their hydrologic, geomorphic, and ecological 
impacts on river dynamics (Collier et al., 1996; Graf, 2006; 2005; 1999; Petts and 
Gurnell, 2005; Salant et al. 2006; Smith, 2002) and investigating management strategies 
to reduce these impacts (Bach, 2008; Gregory et al. 2007; Magilligan et al. 2007). Yet 
almost all the research has focused on large dams, even though there are many more low-
head dams on rivers. Chin et al. (2008) identify ~97% of the dams in Texas as small or 
medium sized. Although they impound less total water volume than large dams, small 
dams fragment the river landscape, disrupting ecological and sedimentary channel 
connectivity (Chin et al., 2008; Csiki and Rhoads, 2008, 2010).  
Connectivity, the exchange of matter, energy, and biota via fluid flow, plays a 
large role in creating river landscapes (Ward et al. 2002; Wipfli et al. 2007).  Large dams 
disrupt flow and sediment transport (Graf, 2006; Ward and Stanford, 1983) which results  
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in a wide range of changes in the hydrologic regime and stream morphology. Over time, 
streams adjust to dam closure and reductions in sediment supply through a combination 
of bank erosion, bed erosion, substrate coarsening, and changes in channel planform 
(Chin et al. 2002; Wohl and Rathburn, 2003). In turn, these changes drive downstream 
habitat changes (Nilsson and Berggren, 2000) that can degrade ecosystem function and 
contribute to the decline of certain species (Hall et al. 2007).  
While not of the same magnitude of large dams, small dams still have the 
potential to longitudinally disconnect the stream. The much larger number of small dams 
suggests that their cumulative impacts could be significant and, at a minimum, are 
deserving of more study than they have received. An understanding of the distribution 
and impacts of smaller dams is needed to understand their overall and cumulative effects 
on streams and develop potential mitigation strategies. To address this need, this study: 
 
 Compares methods for mapping small dams in Oregon using publicly available 
imagery and data, 
 Documents and examines reasons for variations in the geographic distribution of 
small dams between different ecosystems of Oregon, and 
 Evaluates the potential for using optical imagery to remotely map small dam 
impacts on river morphology and discusses the major limitations of this approach.  
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2. Regional setting 
This study examines small dams throughout Oregon. Several publicly available 
datasets for Oregon waterways document small dam locations and attributes, often to 
evaluate their effects on fish passage, particularly Pacific salmon.  Moreover, Oregon 
rivers are rich in their diversity, providing a wide range of river types and settings for 
comparison. The range of physiography and climate in Oregon is extensive. The 
elevation varies from  sea-level on the Coast to almost 3500 m in the Cascades (Loy et al. 
2001). Climate and vegetation range from a temperate rainforest (up to 508 cm 
precipitation) in the Coast Range to high alpine volcanic mountains (114-356 cm 
precipitation) in the Cascades to high desert steppe (15-114 cm precipitation) of the 
Northern Basin and Range and (18-64 cm precipitation) Columbia Plateau (Thorson et al. 
2003). Oregon hosts very large rivers with high winter precipitation and spring snowmelt 
flows West of the Cascades, as well as ephemeral rivers with flashy responses to storms 
and salt pans in the East (Loy et al. 2001).  
To evaluate differences in small dam distributions and their potential impacts 
across this wide range of settings, we characterize small dam distributions at the 
ecoregion extent. Ecoregions classify the landscape into areas of generally similar 
vegetation, topography, and climate.  In this study, we document dam distributions with 
respect to Oregon’s nine Level III ecoregions (Thorson et al. 2003) which include the 
Coast Range, Willamette Valley, Cascades, Eastern Cascades Slopes and Foothills, 
Columbia Plateau, Blue Mountains, Snake River Plain, Klamath Mountains, and 
Northern Basin and Range (Figure 4.1).  
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Figure 4.1. State of Oregon showing the nine Level III ecoregions (Thorson et al. 2003) 
and major stream systems. 
 
 
3. Data and methods 
 The goals of this study are to compare data sets for mapping small dams in 
Oregon, use those data to document geographic variations in small dam distributions  
between different ecoregions, and evaluate the potential for remote mapping of dam 
impacts in these settings. To accomplish this, we: 1) assessed the potential to map small 
dam distributions and attributes using Google and Oregon Imagery Explorer (OIE) 
imagery, as well as on-line data sets from the Oregon Water Resources Department 
(OWRD) dam data and Oregon Department of Fish and Wildlife (ODFW) fish passage 
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barrier data, 2) mapped small dam locations and attributes throughout Oregon using the 
OWRD and ODFW data sets, and 3) evaluated the potential to map geomorphic impacts 
of small dams across a range of sites using Google or OIE imagery.   
 
3.1. Imagery and data sets for mapping small dams in Oregon  
 We chose imagery that was widely available, free, and had spatial resolutions that 
potentially displayed small dams. Imagery that met these criteria included true colour, ~1 
m satellite imagery on Google Earth (2010) and 0.5 m resolution true colour Oregon 
Imagery Explorer aerial photographs (OIE, 2005).  The publically available online GIS 
data sets that we evaluated were the OWRD (2009) dam data set and the ODFW (2009) 
fish passage barrier dataset (ODFW, 2009). 
 Google Imagery has the advantages of being available for all parts of the world, 
being free to the public, and being readily available to most users with internet 
connectivity. To test the ability of the imagery to locate small/low-head dams we "flew" 
along streams in Google Earth and attempted to visually locate the small/low-head dams. 
We also used a .kml file developed using the OWRD data set (described below) to 
identify known dam locations on rivers and compare those to what could be seen visually 
on the computer screen. 
 OIE Imagery is available for all of Oregon and is freely available on-line. We did 
the same with the OIE Imagery streamed into ArcMap with the dam data sets added as 
layers to identify visible dams compared against known dam locations.  
 The OWRD dataset is available on-line and includes dams that are greater than or 
equal to 10 ft. in height and store greater than or equal to 9.2 acre-feet of water behind  
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them. The dataset contains 1264 dams, first located to the nearest second of latitude and 
longitude on USGS 1:24,000-scale quadrangle maps, and updated in 2009. The dataset 
attributes include: dam name, dam height, storage, river, basin, county, and township and 
range location down to the quarter section, latitude, longitude, and permit and inspection 
information.  
  The ODFW fish passage barrier dataset is also available on-line (ODFW, 2009). 
It contains data on natural and artificial barriers to fish passage in Oregon, including 
features such as bridges, cascades, culverts, dams, debris jams, fords, natural falls, tide 
gates, and weirs. The dataset contains nearly 18,000 barrier features from three primary 
sources: the Oregon Department of Fish and Wildlife (ODFW), the Oregon Department 
of Transportation (ODOT) and the US Bureau of Land Management (BLM). The fish 
passage barrier data were obtained from the various data originators in 2008 and 2009 
and compiled to remove duplicate features. The dataset attributes include fish passage 
status, feature type and subtype, name, height, width, year, stream name, latitude, 
longitude, and owner/operator information. The dataset is still considered a work in 
progress, with the intent to make the database comprehensive and accurate (ODFW, 
2009).  
 Differences in the two datasets reflect the different priorities of the agencies that 
contributed to the data. The focus of the OWRD dams dataset is on water resources and 
dams greater than or equal to 10 ft. in height. The aim of the ODFW fish passage barrier 
dataset is to "establish and maintain a statewide inventory of artificial obstructions in 
order to prioritize enforcement actions" (ODFW, 2009). The different methods of data 
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collection resulted in different numbers and types of dams being included, as is discussed 
further in the Results section.  
 We mapped both the OWRD and ODFW data in ArcMap 9.3 (ESRI, 2009) onto a 
10 m DEM of the state with a NAD 1983 datum in the HARN Oregon Statewide Lambert 
projection (Gesch, 2007; Gesch et al. 2002).   
 
3.2. Mapping the distribution of small dams and variations between ecoregions 
 We focused our study on dams less than 30 ft. in height that were located in 
permanent, in-channel locations, or within flow paths near unchannelized headwater 
areas. Although the OWRD dataset included storage as an attribute and many studies use 
storage to characterize the potential for dam impacts (Graf, 1999; Chin et al. 2008), the 
only attributes common to both datasets were height and location, which is why we 
classified dams by height. A 30 ft dam can be a relatively large dam in some settings, but 
has relatively little storage in the mountainous Coast Range and Cascade ecoregions of 
Oregon. We removed animal feed lot water ponds, seasonal dams, off-channel dams, 
waste lagoons, dairy waste ponds, effluent waste ponds, and industrial waste ponds from 
the OWRD data, and other types of fish passage barriers such as culverts and cascades 
from the ODFW data. After culling the data sets, we compared the number of dams, their 
locations, and their heights within each ecoregion.  
To determine the total number of small in-channel, permanent dams in each 
Oregon ecoregion, we removed overlapping dams between the datasets by: (1) applying a 
1 km buffer to minimize any projection differences between the data sets; and (2) 
manually checking the lists for dams with the same names or locations. This was done by 
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running down the two lists alphabetically to match dams by name and then spatially 
confirming any remaining dams with different names in the data sets. The manual check 
was needed because of frequent variations in dam name and slight differences in spatial 
location.  Variations in dam name included differences in; (1) the order of proper names 
(e.g. Ben Odell dam vs. Odell, Ben dam), (2) descriptors (e.g. Clear Creek Res.-West 
Fork vs. W. Fk. Clear Creek Res. Dam, or Bates Pond Dam vs. Bates Reservoir), or (3) 
the use of historical names in one data set (e.g. previous owner or a pioneer era 
description) and a modern name in the other. Dams with the same or similar names but 
slight differences (within 1 km) in location were checked in ArcMap to confirm that they 
were the same dam. This created an "overlap" data set of dams that are found in both data 
sets. 
We stratified the data by level III ecoregions to determine if there are patterns in 
small dam distributions related to landscape-scale variations. Ecoregions are areas of with 
broadly similar environments as defined through an analysis of biotic and abiotic 
variables (Omernik, 1995; Bailey, 1995; Omernik and Bailey, 1997; Thorson et al. 2003). 
There are nine level III ecoregions in Oregon (Figure 4.1).  
 Next, to assess the relation between small dam distributions and ecoregion,  we 
documented the number, size and basin areas of dams within each ecoregion. To classify 
the dams by size we stratified the dams into 2.5 ft increments up to 29.5 ft, with one final 
group of dams 30 ft. in height. We did this for each data set and for the overlap set, which 
was based on the ODFW data because sometimes the data sets showed different dam 
heights for the same dam. Next, we divided ecoregion area by number of dams in the 
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ecoregion (based on the total from each data set less the overlap value so as not to double 
count dams in both data sets) to calculate the dam density in each ecoregion.  
We determined the drainage area above each of the over 1000 dams using the 
ArcHydro extension (Maidment, 2009) in ArcGIS (ESRI, 2009). In order to do this, we 
first resampled the original DEM from 10 m to 30 m to reduce the processing time. Next, 
we added the river and streams layer from the Oregon Geospatial Data Library (ODFW, 
1997) and dams from the two dam data sets. We reconditioned the DEM (stream buffer: 5 
m, drop in z units: 10 m) by "burning" the streams into the DEM (lowering the DEM 
elevation on cells spatially contiguous with the stream layer) to marry the imagery and 
the data, filled topographic sinks (often relics of DEM creation) in preparation for the 
hydrographic analyses of flow direction and flow accumulation. We snapped dam 
locations to the cells of greater flow accumulation (snap distance: 30 m) for both dam 
data sets to reduce errors from any slight offset of the dams and streams. We extracted 
the flow accumulation values at that point (dam). After adding one cell count for the 
point the dam occupies to the total to get the complete sum of cells contributing flow to 
each dam and multiplying that by the pixel area, we joined the resultant drainage area 
value to the original FID number to attach the drainage basin area value to the dam.    
 
3.3. Geomorphic analysis 
 The initial assessment of Google imagery (discussed further in the Results 
section) indicated that the satellite imagery was too coarse to detect small dams or 
adequately see variations in the small streams where many small dams are located.  We 
therefore turned to Oregon Imagery Explorer (OIE, 2005) 0.5 m, colour aerial imagery 
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that is available free on-line. We were able to stream the imagery in ArcMap 9.3 (ESRI, 
2009), then overlay the small dam datasets on the imagery to select dams for analysis. 
We initially focused on small dams in the Willamette Valley ecoregion which 
contained the most dams of all the ecoregions. Our goal was to document differences in 
geomorphic variables that could be remotely measured above and below the dams to 
evaluate dam impacts. We selected geomorphic variables that could be readily measured 
by remote means and that are widely used in geomorphic analysis.  These variable 
included: channel planform, width, sinuosity, functional surfaces (e.g. active or vegetated 
bars), standard active area, and geomorphic complexity (Graf, 2001; 2006), as well as 
depth in clear water streams (Fonstad and Marcus, 2005) and the amount of large wood. 
The plan was to extend this analysis longitudinally 1 km up and down stream of the dam.  
As is presented later in the Results and the Discussion sections, a series of issues 
prevented accurate and consistent remote measurement of these variables in small dam 
settings.  
 
4. Results  
4.1. Comparison of data sets and methods for mapping small dams 
 The process of “flying” along watercourses to visually location small dams 
generally failed, with only the only the well-known, larger dams showing up on the 
imagery. The use of the .kml file built using locations of small dams listed in the OWRD 
data allowed us to zoom in to known dam locations. This process further confirmed that 
visual inspection using Google imagery missed the large majority of small dams listed in 
the OWRD data set because of the low resolution of the imagery (Figure 4.2a) and  
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Figure 4.2. Google Earth and OIE aerial imagery depicting the difficulties in mapping 
small dams, which are often not visible. In Google Earth this occurred either due to areas 
of low resolution imagery (a) or obstructions to the dam or channel (b). In the OIE 
imagery known dams were frequently not visible, either from partial or completely 
blocked views of the river containing the dam in densely forested areas such as this one 
in the Willamette Valley ecoregion (c) (dam locations are circled).  
 
 
a 
b 
c 
Non-visible dams
Blurry pixels 
Obstructed 
views 
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obstructed views of the dam or channel (Figure 4.2b). We attempted the process with the 
OIE imagery, but it also failed to provide consistent results that could be used for a 
systematic inventory. In some cases the dams were visible on OIE imagery and in others 
they were not (Figure 4.2c). This was not a simple function of dam size (i.e., that larger 
dams were more visible), but also depended on the look angle of the aircraft, vegetation, 
shadow, and image quality. In addition, the nature of the dams made them hard to detect 
in many cases, as small dams were often submerged (e.g. flow diversion dams), very 
narrow in width, and/or were constructed with stream bed material that did not show up 
well in the imagery.  We therefore turned to the existing on-line GIS data sets to 
document small dam locations throughout Oregon.   
 The OWRD dam dataset identifies 798 permanent dams that are 30 ft in height or 
less, while the ODFW fish passage barrier dataset lists 832 such dams (Table 4.1, Figure 
4.3). Three hundred eighteen of the dams are in both data sets, leading to 1,312 total 
dams. There are no dams listed under 10 ft. in height in the OWRD data even though 
some of the overlap dams are listed as less than 10 ft. in the ODFW data, with some 
having height values of zero. Differences in dam heights for the same dam are greatest in 
dams under 10 ft., though disparities exist across the range of heights from 0-30 ft. 
(Figure 4.4).  The data sets not only contain discrepancies in dam heights, but they are 
also difficult to compare and impossible to join without extensive manual editing due to 
differences in the names used for identifying the dams (Table 4.2). This speaks to the 
accuracy of data sets and the need for improvement in the dam attribute data. 
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Table 4.1. Number of dams in different size classes in the OWRD and ODFW data sets.  The OWRD and ODFW data rows list the 
number of dams found solely in each data set.  The overlap row enumerates the locations where a dam is listed in both data sets.  The 
dam sizes in the overlap category were determined using the ODFW data in situations where the data sets showed different dam 
heights for the same dam. 
 
 Height range (ft)  
 0 -2.4 
2.5-
4.9 
5.0-
7.4 
7.5-
9.9 
10.0-
12.4 
12.5-
14.9 
15.0-
17.4 
17.5-
19.9 
20.0-
22.4 
22.5-
24.9 
25.0-
27.4 
27.5-
29.9 30 Total 
Number 
of dams 
OWRD data 0 0 0 0 157 84 145 67 134 52 98 36 25 798 
ODFW data 213 81 87 48 75 32 52 30 65 39 61 27 22 832 
Overlap 11 1 2 3 35 24 41 22 50 32 54 25 18 318 
Total 202 80 85 45 197 92 156 75 149 59 105 38 29 1312 
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Figure 4.3. The distribution of permanent dams 30 ft. or less in height in Oregon. The 
locations of dams found only in the ODFW fish passage barrier data (832) are shown in 
blue. Dam locations listed only in the OWRD dam data (798) are shown in yellow. Areas 
of overlap where each data set contains the same dams (318) are shown in green (c). 
 
 
 A large number of dams, across all size categories, are only listed in one data set 
but not the other (Table 4.1). There are many more smaller dams in the ODFW data set  
 (464 dams 10 ft. in height and under) than in the OWRD data set (71 dams 10 ft. in 
height) (Figure 4.5). There are more dams in the OWRD data set in the >10-20 ft. and 
>20-30 ft. ranges (440 and 287, respectively) than in the ODFW data set in those ranges 
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(183 and 185, respectively). Overall, the majority of dams (~76%) are only captured in 
one data set (Table 4.1).  
 
 
 
Table 4.2. Example of differences in naming convention and dam heights (ft.) in the 
overlapping dams in the OWRD fish passage barrier (left) and ODFW dam (right) data 
sets. 
 
ODFW  
fish passage barrier name 
ODFW 
dam height 
OWRD 
dam name 
OWRD  
dam height 
Abbeloos Reservoir Dam 17 Abbeloos Res 17 
Albertsons Reservoir Dam 30 Albertson Reservoir (Lake) 28 
Altnow Reservoir Dam 23 Altnow Res. 20 
Anderson - Roy Reservoir Dam 
(Dobbes Lake Dam) 26 Anderson - Roy Res. 25 
Antelope Reservoir (Klamath) Dam 18 Antelope Dam 16 
Arkansas Dam 18 Arkansas Dam 16 
Arntz Dam 22 Arntz Dam 20 
Arritola Reservoir Dam 18 Arritola Res 18 
Art McKay Dam 17 McKay Acres Dam 15 
Badger Lake Dam 23 Badger Lake (Hood River) 22 
Bailey Reservoir Dam 12 Jenkins 12 
Barry, Nick Reservoir Dam 29 Barry , Nick Res 27 
Bates Pond Dam 26 Bates Res 26 
Becker Reservoir Dam 10 Becker 10 
Beede North Dam 12 Beede North 12 
Beede South Dam 22 Beede South 22 
Beer's Reservoir Dam 14 Beer s Res. 11 
Belchers Dam 28 Peyralans Res. 23 
Ben Odell Dam 16 Odell, Ben 14 
Bend Pacific Power Dam 14 Bend Hydro (MirrorPond) 16 
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Figure 4.4. Differences in dam heights between the overlapping dams in each data set. 
The line of one to one correspondence is drawn in red.  
 
 
4.2. Distribution of small dams 
 The greatest number of dams in both datasets is located in the Willamette Valley 
ecoregion (Table 4.3). The Willamette valley also has the greatest density of small dams 
per square kilometer by an order of magnitude, followed by the Klamath Mountains. The 
overall dam density for the whole state is the same for both data sets (0.003), although 
densities between the two data sets vary by a factor of two to three for most ecoregions 
and by a factor of four for the Columbia Plateau (Table 4.3). 
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Figure 4.5. Differences in ODFW fish passage barrier data (blue) and OWRD dam data 
(yellow) by size groups of 0-10 ft. (a), >10-20 ft. (b), and >20-30 ft. (c). 
a
b
c
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Table 4.3. Distribution of dams and dam density in each ecoregion in OWRD fish 
passage barrier (left) and ODFW dam (right) data sets. 
 
Ecoregion 
 
Area 
(km2) 
OWRD ODFW 
Number Dams/km2 Number Dams/km2
Blue Mountains 61,958 139 0.002 169 0.003 
Cascades 29,016 30 0.001 57 0.002 
Coast Range 23,481 33 0.001 92 0.004 
Columbia Plateau 17,589 17 0.001 73 0.004 
Eastern Cascades 27,418 72 0.003 70 0.003 
Klamath Mountains 15,664 67 0.004 97 0.006 
Northern Basin & Range 59,642 143 0.002 85 0.001 
Snake River Plain   2,559 6 0.002 4 0.002 
Willamette Valley 13,802 291 0.021 185 0.013 
Total 251,128 798 0.003 832 0.003 
 
  
 The 1,312 total dams from both data sets vary in both dam height and contributing 
drainage area between ecoregions. The Columbia Plateau and Coast Range ecoregions 
have the smallest median dam heights (~4 ft. and ~7 ft., respectively), while the median 
small dam height in other regions is ~15 ft (Figure 4.6, Table 4.4). Every ecoregion 
contains at least one dam with a recorded height of zero and all of the ecoregions, except 
for the Snake River Plain (maximum height = 25ft.), contain at least one dam with a 
height of 30 ft. The mean dam height of small Oregon dams from both data sets is 15 ft.  
 The Columbia Plateau has the largest median contributing drainage area by an 
order of magnitude (222 km2), followed by the Cascades (14 km2), with the median areas 
for the other ecoregions varying between 2 and 9 km2 (Figure 4.7, Table 4.5). The Coast 
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Figure 4.6. Range of dam heights for all dams of 30 ft or less in height in the nine 
Oregon ecoregions using all 1,312 dams. Ecoregions are abbreviated as: CR=Coast 
Range, WV=Willamette Valley, KM= Klamath Mountains, C=Cascades, EC=Eastern 
Cascades Slopes and Foothills, CP=Columbia Plateau, BM=Blue Mountains, 
NBR=Northern Basin and Range, and SRP=Snake River Plain. See Table 4 for 
quartile values. 
 
 
 
Range, Willamette Valley, Klamath Mountains, and Snake River Plain ecoregions 
have the lowest median drainage area (Figure 4.7b), although basin areas above dams 
span a large range of values for in all of the ecoregions, excepting the Coast Range 
and the very small Snake River Plain (Figure 4.7a). The total percentage of catchment 
area above one or more small dams in each ecoregion ranges from 15% in the Coast  
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Ranges to 89% in  the Cascades (Table 4.6). Sixty one percent of all drainage area in 
Oregon is above at least one small dam (Table 4.6). 
 Small dams tend to be located in areas where changes in slope occur, particularly 
at the edges of elevation changes, or foothills (Figure 4.8). Many of the small dams 
outline the edges of the valleys, such as those in the Willamette Valley (Willamette 
Valley ecoregion) and Applegate Valley (Klamath Mountain ecoregion) (Figure 4.9a-
4.9b). Many also outline the base of ridges, such as the ridges jutting out into the 
Deschutes river valley (western Blue Mountains ecoregion) (Figure 4.9c). Exceptions to 
this pattern occur in areas of high density population, such as the greater Portland 
metropolitan area, and in very large valleys, such as the Harney Basin.  
 
Table 4.4.  Percentiles of dam heights (ft.) in each ecoregion for small dams of 30 ft. 
or less in height. The percentiles are broken down into the minimum, 25th percentile, 
median, 75th percentile, and maximum values of dam heights in each ecoregion and in 
Oregon as a whole. Every ecoregion contains at least one dam with a recorded height 
of zero and all of the ecoregions, except for the Snake River Plain, contain at least one 
dam with a height of 30 ft. The mean dam height of small Oregon dams is 15 ft. 
 
Ecoregion Min 25th 50th 75th Max 
Blue Mountains  0 8 15 22 30 
Cascades 0 4 14 20 30 
Coast Range  0 0 7 15 30 
Columbia Plateau 0 0 4 13 30 
Eastern Cascades  0 12 16 22 30 
Klamath Mountains  0 5 14 22 30 
Northern Basin & Range 0 12 16 21 30 
Snake River Plain 0 12 14 21 25 
Willamette Valley  0 10 17 23 30 
Oregon  0 8 15 22 30 
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Figure 4.7. Drainage area of dams in each ecoregion shown with the full-range (a) and 
scaled to show only the 0-150 km2 range in order to better visualize variations between 
ecoregions  outside the Columbia Plateau (b). Ecoregions are abbreviated as in Figure 
4.4. See Table 4.5 for quartile values. 
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Table 4.5.  Percentiles of contributing drainage area (km2) of the dams in each 
ecoregion for dams of 30 ft. or less in height. The percentiles are broken down 
into the minimum, 25th percentile, median, 75th percentile, and maximum values 
of drainage areas in each ecoregion and in Oregon as a whole. The mean drainage 
area of Oregon dams is 333 km2. 
 
Ecoregion Min 25th 50th 75th Max 
Blue Mountains 0.002 1.00 8.60 47.03 24,870 
Cascades 0.004 1.04 14.2 126.60 2,683 
Coast Range 0.010 1.25 3.99 17.69 459 
Columbia Plateau 0.008 16.40 222.3 1118.80 6,003 
Eastern Cascades  0.004 1.33 6.27 17.54 9,761 
Klamath Mountains 0.004 0.59 3.64 43.63 4,225 
Northern Basin & Range 0.002 0.16 7.99 25.27 32,800 
Snake River Plain 0.014 1.02 2.09 6.11 44,380 
Willamette Valley 0.001 0.63 2.73 11.86 10,654 
Oregon 0.002 0.77 5.15 33.11 44380 
 
 
Table 4.6.  Total catchment area and percentage of catchment area above one or 
more small dams in each ecoregion. 
 
Ecoregion Total Area (km2) 
Total Catchment 
Area (km2) 
Total Catchment Area 
above one or more 
small dams (%) 
Blue Mountains 62,119 30,763  49.5 
Cascades 29,011 25,887  89.2 
Coast Range 23,296 3,446  14.8 
Columbia Plateau 17,351 8,580  49.4 
Eastern Cascades  27,335 20,042  73.3 
Klamath Mountains 15,645 8,074  51.6 
Northern Basin & Range 57,510 45,345  78.8 
Snake River Plain 2,547 1,313  51.6 
Willamette Valley 13,746 8,148  59.3 
Oregon 250,854 153,362  61.1 
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Figure 4.8. Pattern of the locations of small dams across the Oregon topography. Small 
dams are predominantly found in the lower elevations and tend to follow along foothills 
at the edges of the valleys. 
 
 
Figure 4.9. Images depicting the pattern of dam distribution at the edges of valleys and 
changes in slope at the foothills of mountains in the Willamette Valley (a), Applegate 
Valley (b), and eastern edge of the Deschutes River Valley (c). 
a b c
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4.3. Geomorphic impacts 
 Geomorphic impact analysis using Google Earth or OIE 0.5 m imagery was not 
possible due to the image resolution and the characteristics of streams where small dams 
are located. Google Earth is not currently available in sufficiently high resolution across 
Oregon to consistently see small dams (Figure 4.2a), much less take measurements from 
the imagery.  Moreover, the small size of most streams meant that vegetation and shadow 
often obstructed the view of the majority of steam channel (Figure 4.2b). Furthermore, 
the actual image data (pixel values, etc.) are not extractable for further imagery analysis 
such as depth modeling (Fonstad and Marcus, 2005; Walther et al. in press).   
Compared to the Google imagery, the 0.5 m OIE imagery made it possible to see 
more small dams (although not all,  Figure 4.2c) and see greater portions of the streams at 
a resolution that potentially enabled morphological measurements. However, the location 
of small dams on small streams with narrow widths meant that riparian vegetation 
growing on the banks and associated shadows usually obscured the river (Figure 4.10). 
This made it impossible to see much of the river, much less remotely measure and 
quantify width, sinuosity, functional surfaces, active area, and geomorphic complexity 
above and below small dams. These obstructions were present, regardless of whether 
streams were in the semiarid landscapes of the Eastern Cascades (Figure 4.10a) or the 
cleared fields of the Willamette Valley (Figure 4.10b). Vegetation growing on the banks 
of a river is typically as large as or larger than vegetation outside of the riparian zone. In 
accordance with the river continuum concept, the riparian vegetation of small rivers is 
proportionately larger relative to stream width than that of large streams (Vannote et 
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al.,1980). Even when streams were not obstructed by overhanging vegetation, dense 
shadow would often obscure views of the river.  
 
5. Summary and discussion 
5.1. Imagery and data sets 
 Spatial resolution, image quality, overhanging vegetation, shadows, and look 
angle all place severe limitations on the use of aerial or satellite imagery to inventory 
small dams (Figures 4.2 and 4.10). Small dams only exacerbate this problem because of 
their size, their potential to be submerged, and their construction from local materials.  
Consideration of the time of acquisition to reduce shadows and the angle of incidence to 
reduce obstructions on the river edges would improve the imagery potential for use in 
small dam analysis. 
 Existing on-line data sets are also problematic. There is wide variation in the 
number and type of attributes within and between the ODFW and OWRD data sets. Since 
the data are collated from several sources, attribute values for particular fields are not 
always consistent even within the same data set. Analysis by attribute for all of the dams 
is not possible because of the discrepancies in how the attribute data are recorded and 
reported (Table 4.2).  The lack of a consistent, comprehensive data set indicates that one 
cannot currently use publicly available data to inventory and analyze small dams. 
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Figure 4.10. Difficulties in evaluating small dam impacts on stream morphology. In the 
0.5 m resolution OIE images, riparian vegetation partially blocks views of the river even 
in more sparsely vegetated ecoregions like the Eastern Cascades ecoregion (a). In 
agricultural regions, forest stream buffers can obscure the majority of channel, as in this 
example from the Willamette Valley (b). Small dam locations are circled. 
 
a 
b 
Riparian vegetation 
obstructing views 
Riparian 
vegetation 
lining streams 
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 The problem of different data sources is compounded when using both dam data 
sets. For example, it is unclear how the OWRD can show dams at locations where the 
ODFW data sets indicates dams <10 ft. in height (Table 4.1), since the OWRD data 
expressly focuses on dams greater than 10 ft. in height.  Perhaps the smaller dams were 
lumped into the data set depending on the data available at the time. The absence of data 
on the impounded water volume in the ODFW data set is understandable as it is less 
pertinent to fish passage than dam height, but could be an important component in 
assessing impacts on downstream fish habitat. A more comprehensive data set, 
considering the multi-disciplinary needs of researchers, scientists, managers, and policy-
makers that study and influence rivers, water resources, and aquatic species, is needed for 
greater ease in discourse and collaboration between them.  
 
5.2. Distribution of small dams 
 In Oregon, the density of small dams is greatest in the areas with the greatest 
population densities. This is evidenced by the highest small dam densities in the 
Willamette Valley and Klamath Mountains ecoregions, which contain the Interstate 
Highway 5 corridor and the top twenty most-populated cities in Oregon and the highest 
growing populations (Loy et al. 2001).  Furthermore, both regions have large areas of 
land in agricultural use for grass, orchards vegetables and vineyards and, east of the 
Cascades, grazing (Loy et al. 2001).  
The Coast Range and Columbia Plateau ecoregions have the lowest median dam 
height values (Figure 4.6), possibly because the dams are located at the edges of the 
plateau and mountains or are one of many dams along the same river (Figure 4.11). The  
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Figure 4.11. Lowest dam heights found in steep mountains or in sequence on the same 
river in the Coast Range (a) and Columbia Plateau (b). Dams are denoted in green and 
circle for visibility in (a) and for sequential location in (b). 
 
 
reasons for this cannot be determined from the data sets, however, because although the 
ODFW data set includes an ownership attribute (private, federal, public utility, or blank if 
unknown), neither data set includes dam purpose as an attribute. 
Dams in the Columbia Plateau have the highest median contributing drainage area 
per dam (Figure 4.7), probably because of the dry climate that provides little runoff per 
unit area.  All of the ecoregions have a wide range of contributing areas, reflecting the 
geographic diversity in each ecoregion despite the combined similar characteristics on 
which the categorization is based.  
Despite the wide range of physiographic characteristics and large number of 
dams, a pattern of similarity in the overall locations of the dams across the state seems to 
emerge from the distribution of small dams across Oregon. Illustrated in Figure 4.8, the 
clustering of dams at the foothills of mountains and in more densely populated areas 
ba 
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becomes apparent. This suggests, conceptually, that a model of the relationship of dam 
density to large changes in slope and population density could reflect this overall pattern 
(Figure 4.12). Dam density is greatest at foothills, where the change in slope is greatest, 
in more densely populated areas, and is least dense in mountains and valley centers, 
where smaller changes in slope occur, in less populated areas. This trend is observed, 
with some exceptions noted in Figure 4.8--where there are very wide valleys and, rarely, 
in mountains, throughout the state.  
 
 
 
 
 
 
Figure 4.12. Conceptual model of the relationship of dam density to population density 
and change in slope. Dam density is skewed towards higher populations and greater 
changes in slope, to a degree. Dam density is greatest at foothills in more densely 
populated areas. Dams are found less frequently in areas of relatively equal slope such as 
mountains and valleys, or in areas of low population densities without a marked change 
in slope. 
 
 
dam 
density 
population & ∆ slope 
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5.3. The problem of remote assessment of geomorphic impacts of small dams 
 The assessment of the geomorphic impacts of small dams using remotely sensed 
imagery is both a function of the nature of small dams and of imagery acquisition. Small 
dams tend to be located on small rivers, which are more difficult to see due to 
proportionately larger riparian vegetation, often densely clustered along the river even in 
otherwise open areas, and the shadows they cast (Figure 4.6a-4.6b). This is particularly 
true in optical aerial imagery, as both the time of day, lighting, and angle of acquisition 
all influence the resulting image. One possible solution would be to use LiDAR imagery 
which, if coupled with aerial imagery, might make it possible to  map stream morphology 
above and below the dams.  
 
6. Conclusions 
 Few un-dammed rivers remain in the U.S. The potential for dam removal has 
increased and the targets for removal are typically small dams (Doyle et al. 2000). 
Together with the fact that changes in small dams, physically and management-wise, are, 
in scale alone, less costly and less difficult, an understanding of the existing impacts on 
the river, as well as the effects of removal in different geographic and climate regions (or 
ecoregions) is needed. Csiki and Rhoads (2010) found similar sedimentological effects 
downstream of the dams in their study, but to different spatial extents. This suggests that 
there is no single rule for the type or scale of small dam impacts (and therefore removal 
responses). Furthermore, this study highlights that there are lot of small dams in Oregon, 
in the aggregate they may have a huge impact, and this deserves further study. Therefore,  
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more research is needed into the relationships of geographic, climatic, geologic, and dam 
characteristics and uses components of dams impacts, within spatial extents such as 
ecoregions, basins, and larger regional areas. This is not currently possible using the 
existing public databases of small dams. Though the data sets are large and contain 
numerous attributes, it is collectively not usable for geomorphic analysis--because it is 
not comprehensive and one cannot be certain of its quality.   
The Willamette Valley is one example of basin scale data that has been compiled 
and produced by the Pacific Northwest Research Consortium (Hulse et al. 2002) for 
planning purposes, and includes dam location, history, management and utilization data 
(Payne, 2002). Geomorphic and in-channel characteristics would further aid in river-
specific management. While some of the LiDAR and high resolution aerial imagery exist 
(not complete coverage of the state), the existing dam data needs to be updated for 
accuracy and combined into a comprehensive data set. With the LiDAR, imagery, and 
complete data, the possibilities for geomorphic assessment of small dams are greatly 
enhanced. 
This work contributes important information on dam data to the almost non-
existent data sets and geomorphic assessments on small dams in the U.S. (Chin et al. 
2008 in Texas; Csiki and Rhoads, 2010 in Illinois) in the hopes of adding momentum for 
improvement and development on the state scale and sparking interest in eventually 
developing a national database. The multitude of water resource and aquatic species 
specialists working in our governmental agencies and consulting companies would 
greatly benefit from a comprehensive, accurate small dam data set for the studies they  
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currently undertake for planning and management. Furthermore, the collective data could 
drive new questions at larger scales that could continue to change and improve the way 
we think about and understand rivers, headwaters to sea. 
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CHAPTER V 
 
SUMMARY 
 
 
In this dissertation I examined human impacts of river regulation and several 
methods with which to do so. I evaluated a technique for bathymetric mapping, the effects 
of river regulation on sediment movement, and the spatial distribution of dams in Oregon. 
The goals of the research were to test a method of in-channel river characterization, to 
quantify the relative effects of diversion canals on sediment mobility, and to map small 
dams in Oregon and evaluate their geomorphic impacts. The results from the studies 
presented in Chapters II, III, and IV enhance our knowledge and understanding of the 
effects of river regulation at larger scales to inform environmental decision-making and 
river management.     
On the lower McKenzie River, I evaluated the potential for mapping channel depths 
along the McKenzie River, OR, using 10 cm resolution optical aerial imagery with a 
hydraulically-assisted bathymetry (HAB-2) model. This study is the most rigorous test of 
the HAB-2 model to date. The sonar depths versus 2007 10 cm imagery modeled depths 
have a relatively low R2 value (0.40), which improves only slightly with an Olympic filter 
to remove film granularity (0.48).  The month-long gap between sonar and image 
acquisition may also contribute to the moderate fit of the model results to the sonar data. 
Modeled depth estimates for the 2008 0.5 m imagery fit the depth measurements more 
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closely (R2 = 0.89). The better fit may reflect the collection of ground and image data at 
approximately the same time and discharge, as well as coarser spatial resolution, which 
created less sensitivity to changes in substrate size and colour. Results demonstrate that 
channel depths can be accurately mapped in many areas, with some imagery limitations. 
The HAB-2 model works well in the majority of the river, performing best in depths 
between 0.25-1.5 m. However, because the model is based on Beer's Law and the 
relationship of light to depth in water, the model does not do well in areas of shadow and 
surface turbulence. Still, the ability to characterize channel bathymetry and extract more 
representative cross-sections is an instrumental step in improving our ability to map aquatic 
habitat and hydrologically model river systems for restoration and planning.   
Next, I analyzed the relative effects of a small dam and two diversion canals on 
grain size distribution along bars of the lower McKenzie River. First, I sampled bars for 
grain size distribution. The mean grain sizes above and below the dam show a classic 
coarsening pattern, which is not observed to the same degree below the tailraces. At the 
Walterville canal tailrace, the effect is much smaller and appears to be dampened by 
sediment input from Camp Creek located between the tailrace and the bars. Some degree of 
decrease in mean grain size is observed on most bars below a tributary. Overall, the typical 
pattern of downstream fining is disrupted at each feature and the coarsening below each 
feature is reduced at several tributaries, particularly in the “reduced water reaches” below 
canal outtakes. I calculated the stage height needed to mobilize the D50 grain size and 
modeled the discharge value of that stage height at the bar cross-section. Most modeled 
discharge values necessary to mobilize bar sediments fall at or below the 2-year flood 
return interval, with the remaining at or below the 5-year flood return interval, generally 
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reflecting the D50 values at each bar (20-115 mm). These results support the 
implementation of environmental flows which increase flows on the McKenzie River in an 
attempt to mimic the pre-regulation flow regime, as increased discharge on the river would 
primarily increase flow in the "reduced water" sections of the river and mobilize the larger 
sediment located in those reaches. 
The third analysis of this work investigates the potential to document geomorphic 
impacts of small dams in Oregon at ecoregion extents using air photos and publically 
available data sets. This analysis highlights data disparity with respect to the collecting 
agency's mission and the difficulty of using remote sensing for small dams. Though the 
imagery was not useful in evaluating small dam impacts due to resolution and feature size, 
the data was useful in mapping the small dam distribution across Oregon and each 
ecoregion. The greatest number of dams per area is in the Willamette Valley ecoregion 
(0.021 dams/km2), seven times greater than that of the state as a whole (0.003 dams/km2). 
However, the greatest percentage of land located in the catchment of at least one small dam 
is greatest in the Cascades ecoregion (89%), almost a third more than that of the state 
(61%). The current data sets need upgrading, standardization, and consolidation in both 
attributes and collect methods to build a comprehensive database with the thought of how 
they would be used by the diverse range of scientist needed to solve problems and improve 
river habitat restoration and management. This assessment at the state and ecoregion scales 
elucidates the gaps in small dam data and can inform future research and data collection 
efforts. 
Overall, this research suggests that, while the application of these techniques must 
be improved, our ability to observe, study, and understand rivers is enhanced by remote 
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sensing advancements and the combined use of these methods in river restoration and 
management. The importance of habitat diversity and connectivity in the riverscape is well-
recognized, and insights from this work may apply to the up-scaling of river research from 
reach to basin scales. While incorporating more data into the already complex undertaking 
of understanding a river system adds time and expense, the geomorphic, hydrologic, and 
ecologic characteristics specific to each river are important in refining the limitations of 
management to achieve desired outcomes. Our work further highlights the importance of 
collaboration to incorporate the geomorphic component together with the hydrologic and 
ecologic components of dam management. Salmonid fish and other aquatic species depend 
on this complex combination of considerations to improve habitat on regulated rivers. 
Additional studies that integrate and new approaches and techniques (i.e., field surveys and 
sampling, remote sensing imagery--optical orthophotographs and LiDAR, modeling) and 
collaborate across disciplines and working groups, are needed and will help improve  the 
extent to which we understand river systems at multiple scales.  
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